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The field plate test has been used to derive elastic stiffness 
and undrained strength parameters of clay soils. Generally 
the interpretations are based on the measurements of the plate 
load and settlement, though occasionally additional 
measurements have been made in an attempt to improve the 
interpretation. The interpretations of soil parameters from 
the test rely on simplified assumptions of the soil behaviour. 
In particular the soil-is often assumed to be linear elastic 
perfectly-plastic. The complexity of the stress and strain 
paths induced within the soil by a field plate load test 
belies the simplicity of the interpretations. 
This Thesis examines the use of the field plate load test as a 
method of deriving in-situ parameters of clay soils, using 
the finite element method to conduct a parametric study of the 
test. The results of these studies have been used to assess 
the validity of the parameters determined from the test and 
also to examine how the interpretation may be improved. 
The Thesis concludes that the interpretation of the plate test 
can be improved to yield non-linear elastic parameters of soil 
at small strain. In addition the results from a plate test 
can, theoretically, be used to predict the elastic load- 
settlement response of full scale foundations. The test can 
also be used to measure consolidation and undrained strength 
characteristics of a clay soil appropriate to the 
analysis/design of full scale foundations of similar geometry 
and load direction. 
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1.0 INTRODUCTION 
The field plate load test is an internationally established 
in-situ testing technique for both soil and rock. It has long 
been used as a model/prototype footing from which 
representative soil parameters can be derived and used for the 
prediction of full scale foundation performance (Terzaghi and 
Peck, 1948; Burmister, 1963). Similarities to the loading of 
a foundation permits application of solutions developed for 
foundation design to the interpretation of soil parameters 
from the test. Within this study the terms "foundations" and 
"plates" are, allowing for scale, treated as synonymous. 
In the 1960's and 70's the field plate test was used 
extensively by the Building Research Establishment as a 
research tool for the evaluation of the mass in-situ 
properties of various clay soils. The test was, at that time, 
considered a benchmark against which the results from other 
testing techniques, both in situ and laboratory, could be 
evaluated. The advantages of the test were its apparent 
ability to produce results that were more consistent with the 
monitored performance of full-scale structures. In addition 
the results were found to be more consistent than those 
derived-from small-scale, unrepresentative, laboratory element 
tests. The major disadvantage of the test is its relative 
cost, which has placed the plate test beyond the budgets of 
site investigations for all but the most prestigious 
construction projects. 
Comparatively recently there has been a shift of emphasis away 
from expensive large-scale field testing, due to the increased 
capabilities of laboratory testing techniques (in particular 
local and small strain measurements). In addition the ability 
to combine the results from these laboratory studies with 
numerical methods has seen an improvement in the understanding 
of soil-structure interaction. Although improved 
understanding is evolving through these advances, relatively 
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little of this enhanced knowledge has been directed at re- 
evaluating the existing field data; or assessing the validity 
of existing interpretation/design methods based on simplified 
models. 
1.1 Basic description of the plate test 
The test essentially involves loading a plate (typically 
circular, assumed to be rigid) on the soil surface or at the 
base of an excavation, Fig. 1.1. In its most basic form the 
test merely records the load-settlement response of the plate. 
An idealised load-settlement curve from a plate test is given 
in Fig. 1.2. The curve in Fig. 1.2 is conveniently divided 
into three segments: 
(a) Segment OA, where the settlement is proportional to 
the load, and is assumed to be elastic. This 
section is conventionally used for the evaluation of 
the elastic stiffness of the soil. 
(b) Segment AB, showing combined influence of elastic 
deformation and plastic yield. 
(c) Segment BC, failure load at which excessive 
deformations occur with or without an ultimate load 
being achieved. This is used to evaluate the shear 
strength of the soil. 
If the settlement-time response of the loaded plate is 
measured then the interpretation of the test may be extended 
to allow for the evaluation of the consolidation 
characteristics of the soil. However, in practice these 
procedures have only been adopted for screw plate test 
interpretation. 
The present study has generally been restricted to plates on 
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clay soil deposits of large lateral and vertical extent, the 
close proximity of boundaries of differing soil properties has 
not been considered. Within this study the plate is assumed 
to be circular, though for many situations where the plate is 
used as a direct prototype foundation other shapes have been 
used. The complete interpretation and analysis of the 
derivative of the plate test, the screw plate, is beyond the 
scope of this study, although the similarities of the tests 
allow for evaluation of common solutions. 
1.2 Aims and objectives of present work 
Present methods of interpreting soil parameters from the test 
assume, in one form or another, that the soil behaviour is 
linear elastic, isotropic, homogeneous and/or rigid plastic, 
and the plate perfectly rigid. None of the above 
idealisations are likely to be strictly valid for field plate 
tests on clay soils. There are therefore theoretical problems 
associated with the determination of soil parameters from the 
test. This present investigation is directed at evaluating 
the field plate test using the finite element program CRISP. 
The finite element method allows for an investigation of the 
effects of a large range of material characteristics and 
geometric conditions on the results of the test. The aim of 
this study is to use the finite element method to explore the 
limitations of the current interpretations by modelling more 
realistic material properties and test geometries. 
The objective of this study is to establish if, in spite of 
the theoretical difficulties associated with its 
interpretation, the test can still be used as a method of 
determining meaningful soil parameters for clays. In 
particular, emphasis is placed on examining the following 
aspects of the plate test: 
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(a) the reliability of the parameters interpreted 
(b) the influence and sensitivity of the assumptions 
adopted in the interpretation on the parameters 
derived 
(c) if the interpretation of the basic plate load- 
settlement curve can be improved 
(d) whether the test can be improved by the measurement 
of additional parameters during the test 
(e) how the test interpretation can be improved if some 
characteristics of the soil are determined by other 
independent tests 
(f) the possible effects of "aliasing", whereby the 
results of a test may be misinterpreted due to the 
influence of conflicting soil characteristics 
(g) the influence of small strain non-linearity 
(h) the range of small strain stiffness of interest to 
plate/foundation analysis. 
The results of the above investigations can be used to define 
the role, and future, of the plate test for the determination 
of clay soil parameters. Secondary results for general soil- 
foundation problems may also be extrapolated. 
1.3 Thesis structure 
A review of the interpretation of the plate test on clay soil 'is 
given in Chapter 2. The review considers the theoretical 
solutions derived from both analytical and numerical analyses 
for idealised soil models. A section within this chapter is 
devoted to the results of field and model studies on clay 
soils. 
Chapter 3 describes the finite element program CRISP which is 
used for the subsequent analyses. 
Chapter 4 presents the results of tests carried out to 
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validate the use of CRISP for the analysis of the plate test. 
Results from CRISP are compared to the benchmark solutions 
available in the literature. 
Chapter 5 describes the results obtained using CRISP in 
modelling a range of soil and plate characteristics. 
The results obtained and formulated in Chapters 2 to 5 are 
discussed in Chapter 6. The general results presented in 
Chapters 4 and 5 are used to discuss the use of the finite 
element program CRISP for modelling the plate test. More 
particulary the results of Chapters 2 and 5 are used to 
formulate the conclusions to the objectives of this present 
study. 
Finally, Chapter 7 presents the conclusions of the research. 
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Fig. 1.2 Typical load-settlement curve obtained from a field 
plate load test 
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2.0 REVIEW OF THE INTERPRETATION OF THE FIELD PLATE LOAD 
TEST ON CLAY SOILS 
The range of solutions within the literature for the 
interpretation of soil parameters from the plate test are very 
broad. All of the solutions make some simplifying assumptions 
in the analysis. A basic problem with the test is the large 
number of possible influences that could, if ignored, lead to 
misinterpretation of the test results. Within this review 
elastic settlement, undrained shear strength and consolidation 
analyses are examined independently. For clarity 'down-hole' 
and surface plate tests are also treated separately. In 
addition, specialised test procedures that do not rely only on 
measurements of plate load and settlement are also examined in 
isolation. The overall purpose of this review is to identify 
the gaps and limitations of the present knowledge, and define 
the soil characteristics and test geometries that are 
important to the interpretation of soil parameters from the 
test. 
Not all of the solutions that have been developed for 
foundation analysis are for the axisymmetric case. Where no 
appropriate solution exists for a particular problem the 
equivalent square or plane strain solution is considered in 
conjunction with likely shape factors. 
2.1 Elastic settlement analysis - surface plates 
The settlement parameters for foundation design should be 
derived from plate test results with regard to the following 
conditions: 
(i) From load ranges with a high factor of safety on the 
ultimate load 
(ii ) From a load range with a factor of safety on the 
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limit of proportionality between the load and 
settlement. 
(iii) From a bearing load which is a function of the 
permissible settlement of the structure. 
However, field plate data does not always exhibit a distinctly 
linear elastic load-settlement range or even an ultimate load. 
For this reason other techniques have been developed to 
evaluate the limit of proportionality between the load and the 
settlement for elastic settlement analysis (e. g. Reznik, 1990; 
Szechy, 1961). Having established the limitations of the 
range of plate settlements required for elastic analysis the 
data can be interpreted in several ways. 
2.1.1 Theory of subgrade reaction 
The simplest method of analysing the load-settlement curve 
from a plate test is to assume a direct relationship between 
the load and the settlement (Terzaghi, 1943). The net result 
is a coefficient of subgrade reaction given by the equation: - 
6=q 
k 
(2.1) 
where: 6= plate settlement 
q= pressure on the plate 
k= coefficient of subgrade reaction (force/length') 
This is the only result that can be derived from the load- 
settlement curve unless additional assumptions are made, or 
extra measurements taken, to derive more fundamental 
deformation parameters of the soil. This is a gross 
simplification of real soil-plate interaction and should not 
be used for settlement analysis (Terzaghi, 1955). In 
particular the model does not allow for the influence of the 
plate size on the load-settlement response, which is contrary 
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to field experience. 
Despite its limitations attempts have been made to improve the 
analysis of field plate data from this type of simplified 
soil-plate model (e. g. Butterfield and Geogiadis, 1981). Even 
with improvements to the basic model, the inherent 
difficulties remain in that the soil parameters derived are 
still empirical and are only suited for the evaluation of 
problems of similar scale, geometry and loading direction. In 
addition the models cannot account for the more complex 
influences of test geometry and soil behaviour encountered in 
field testing. 
2.1.2 Rigid surface plates 
The load-settlement response of a smooth rigid plate on the 
surface of a linear elastic, isotropic and homogeneous, half 
space can be derived by the integration of the Boussinesq 
equations (Timoshenko and Goodier, 1951). The solution to 
this problem forms the basis of the current theories for the 
analysis of the settlement response of the field plate load 
test. The solution in its simplest form is expressed as: 
d= qDn 
4 E. 
0 
(2.2a) 
where D is the plate diameter, EB is the Youngs modulus of the 
soil and p. is the Poisson's ratio of the soil. 
For the general case we replace Eq. 2.2a by 
6=qDI 
'E` 
where I is a general influence factor (for undrained analysis 
I= 37r/16). 
Most of the analysis presented in this chapter can be applied 
equally to clays and free draining granular materials. In the 
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case of clays it is normal to deduce undrained moduli from the 
results of plate tests. 
This is an improvement on the subgrade reaction formula in 
that it allows for a linear influence of the plate size on the 
load-settlement response. [An empirical formulation, a hybrid 
of the subgrade and elastic half space solutions, has also 
been proposed (Burland et al., 1966; Rosenburg and Lupien, 
1977)] 
Complete solutions for all stresses, strains and displacements 
within an elastic half-space loaded by a smooth rigid plate 
(uniform displacement) and a perfectly flexible plate (uniform 
pressure) have been derived (Gerrard and Harrison, 1970). 
Approximate solutions for a rough rigid plate may also be 
derived using these results by the principle of superposition, 
using the solutions for radial traction loading also derived 
by Gerrard and Harrison. 
One of the peculiarities of the linear elastic solution is 
that the resultant contact stress distribution increases radially 
from the plate centre with a stress singularity at the plate 
edge, where the normal stress tends to infinity, see Fig. 2.1. 
The net result of this pressure distribution is that 50% of 
the total load transfer to the soil occurs over the outer 25% 
of the plate area (outer 13% of the plate radius). These very 
high stresses at the plate edge are unlikely to occur in 
practice due to local yielding of the soil, thus giving the 
first indication of the limitations of linear elastic 
analysis. 
It is of considerable interest to note that the elastic 
solution for a completely rough soil-plate interface (no 
relative slip) is identical to that of a 
completely smooth contact (no friction between soil and 
plate), but only for the condition of p, -0.6 (see Parkes, 1956; 
Spence, 1968; Schiffman, 1968; Carrier and Christian, 1973). 
For Poisson's ratio p. <0.5 the friction between the soil and 
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the plate tends to reduce the overall plate settlement, see 
Table 2.1. From Table 2.1 it is readily appreciated that the 
influence of adhesion increases as p8-0.0. While the 
difference in the results of a completely rough or smooth 
plate may seem trivial, this difference in results is also of 
significance for the undrained bearing capacity problem. For 
this reason the limiting conditions are examined in slightly 
more detail below. 
Spence (1975) studied the influence of the angle of friction 
between the soil and the plate to determine the portion of the 
radius over which full adhesion is maintained, Fig. 2.2. Slip 
between the soil and the plate occurs when the mobilised angle 
of friction exceeds that for full adhesion. For example, from 
Fig. 2.2, for an angle of friction of 11° (coefficient of 
adhesion, a= 0.20) and p, =0.375 full adhesion is obtained over 
-90% of the plate radius. In addition, in a study of the skin 
friction between common construction materials and clay soils, 
Lemos (1986) found that soil-to-soil shearing a few microns 
away from the material-soil interface is more likely than 
soil-on-material shearing. Thus, with the likely value of 
undrained Poisson's ratio for a plate test on a clay soil 
being p, =0.5, it must generally be assumed that the soil-plate 
contact is completely rough. Brown (1986) similarly concluded 
from the results of Conway et al (1966) that plate roughness 
should be accounted for in settlement analysis. 
These linear elastic solutions are those used in practice for 
the evaluation of the undrained vertical modulus of elasticity 
of the soil. To appreciate the limitations of this approach, 
the idealisations of plate rigidity, test geometry and soil 
isotropy, homogeneity and linearity are examined in more 
detail in the following sections. 
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2.1.3 Influence of plate flexibility 
One of the major assumptions in the use of Eq. 2.2 is that of 
complete rigidity of the loaded plate. In reality, plates are 
of finite flexibility and hence both displacement and stress 
distributions are a function of the relative stiffness of the 
soil and the plate. However if the equivalent mean 
displacement for a completely flexible plate with uniform 
loading is taken to be (Davis and Taylor, 1961) 
6a. 
an 0ý edge 
+6 
Contra 
2 
(2.3) 
then this mean displacement is only 4% greater than the 
settlement of an equivalent rigid plate under the same total 
load (comparison of solutions by Gerrard and Harrison (1970)). 
On this basis, the solutions for rigid foundations have been 
inferred from the equivalent uniform pressure solution (e. g. 
Davis and Poulos, 1968; Rowe, 1982). 
Most field plates are, however, loaded centrally by very stiff 
loading columns and thus the approximate equivalence between 
the solutions is lost; Svec (1974) demonstrated that under 
extreme cases of low relative stiffness and concentrated 
loading it is possible to have uplift at the plate edges. In 
addition, while settlements may be approximately equated for 
uniformly loaded rigid and completely flexible plates, the 
stress and strain paths imposed on the soil by these two cases 
are considerably different. To evaluate fully the likely 
error in the interpretation of soil parameters from the plate 
test by assuming a rigid plate, the effect of the relative 
stiffness of the soil and plate must be quantified. 
Most analytical solutions involving plates of finite 
flexibility are based on the classical Poisson-Kirchoff thin 
plate theory, see Selvadurai (1980), in which the shearing 
deformation and flexural moments of the plate are ignored. 
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This assumption is valid for plates of moderate thickness 
where the plate thickness to diameter ratio t/D < 1/8. For 
thin plates the relative rigidity of the plate may be defined 
as : 
K1=1 (1 -µ. 2) (2.4a) 
6(1-µ D2) 
(Epý(tý3 
E. r(Borowicka, 1936) 
or alternatively 
K2 =(1- µ&2) Eý t3 (2.4b) 
(Brown, 1969) 
`E. (r) 
where E. Young's modulus of plate 
i Poisson's ratio of plate 
t Plate thickness 
r Plate radius 
The definition of relative plate rigidity that finds most 
common usage in the literature is that for Eq. 2.4b. Using 
these definitions, Borowicka and Brown considered the effects 
of relative plate rigidity on the contact stress distribution 
at the soil-plate interface for uniformly loaded plates. If 
the plate is loaded by a central point load it is apparent 
that the contact stress distribution is a function of both the 
load geometry and the relative plate stiffness (Borowicka, 
1939), see Fig. 2.3. 
Recognising the need for analyses based on thick plate theory, 
Selvadurai (1980) developed analytical solutions for plates of 
finite flexibility with uniformly distributed loading over 
different proportions of the plate radius. Using the thick 
plate theory, Selvadurai redefined the relative rigidity of 
the plate, giving a reduced modular ratio: 
K3 =A(1-µ, ') (Ep 
/ 
(2.4c) 
12 (1- µv' i E. 
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the plate thickness ratio (t/r)3 is then an independent 
variable. The work of Selvadurai clearly illustrates the 
dependence of the response of the soil-plate interaction on 
three independent quantities, namely the reduced modular 
ratio, the relative plate thickness and the loading geometry. 
These results are of particular value to plate loading tests 
where the load is often applied over a central annular portion 
of the plate. The net effect of the thick plate theory is to 
reduce the overall differential settlement for plates when t/D 
> 1/8. Centralised, concentrated loading tends to increase 
differential settlements. 
The dependence of the results of the analysis on the load 
geometry and relative plate flexibility has also been 
confirmed by finite element studies (Hooper, 1974; Lopes, 
1979). What is apparent from all these studies is that for 
K2>100 a plate may be considered rigid regardless of geometry 
of the applied loading; while for K2«100 the stresses and 
strains induced within the soil will depend on the load 
geometry. 
These solutions have concentrated on the boundary response at 
the plate-soil interface. No specific solutions have been 
produced for the effects of plate flexibility and load 
geometry on the general stress distributions within the soil. 
These solutions could be produced by using the published 
contact stress distributions coupled with, via the principle 
of superposition, the solutions of Gerrard and Harrison 
(1970). 
2.1.4 Influence of cross anisotropy 
While it is convenient to consider soil to be isotropic it is 
likely, through stress history and depositional processes, to 
be anisotropic in behaviour. Thus it is important to 
appreciate the influence of anisotropy on the interpretation 
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of the vertical modulus of the soil by assuming it to be 
isotropic. In the case of cross anisotropy the soil is 
assumed to be isotropic in the horizontal plane with the 
vertical axis being an axis of material property symmetry. 
From the stress-strain relationships for a cross-anisotropic 
material it is evident that five elastic constants are 
required fully to describe the material behaviour. Pickering 
(1970) demonstrated the relationships and bounding values that 
are permissible from the considerations of strain energy. 
These five independent elastic parameters are taken here as: 
the Young's moduli in the vertical , E,, and horizontal, E., 
directions; Poisson's ratio for strain in the vertical 
direction due to a horizontal direct stress, µ,,; Poisson's 
ratio for the horizontal strain due to a orthogonal horizontal 
direct stress, pes,: and the modulus of shear deformation in the 
vertical plane GYb. It is also convenient to describe the 
material relations by the following parameters: 
n= µAý = Eb (2.5a) 
E 
Gb (2.5b) 
E,, 
82 =ad-c2-2cm-2m (ad )0.5 (2.5c) 
4md 
where a=n(1-n µn' ) (2.5d) 
(1+ µh,, ) 
c=nµ. b (2.5e) 
d=(1- µnn) (2.5f) 
Most solutions developed for the analysis of circular plates 
on the surface of a cross anisotropic material have been 
derived for 82>0 (see Gazetas, 1981; Nayak, 1973; Barden, 1963; 
Koning, 1957). A complete solution for all 8' by Gerrard and 
Harrison (1970) allows for evaluation of all stresses, strains 
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and displacements within an elastic half space loaded by a 
smooth rigid surface plate. For an incompressible material 
(i. e undrained loading) the condition of zero volumetric 
strain reduces the number of independent elastic parameters 
from five to three, defining: 
i%n = 0.5 (2.59 ) 
(2.5h) 
2 
In addition strain energy requirements further restricts the 
range of values of n to 0<n<4. 
Hooper (1975) expounded the equations (for all B2; identical 
results were found by Nayak (1973) but only for B'>O) to show 
that Eq. 2.2 could be re-written in the form 
d=qD(1- µb2 ) I. b 
E 
(2.6) 
where I,, is a settlement influence factor for anisotropy; for 
an incompressible material I,, reduces to the particulary 
simple form: 
I., s14-n0.5 
3( 
(2.7) 
This equation has been presented graphically in Fig. 2.4. 
Woods and Contreras (1987) re-plotted this graph to illustrate 
the likely error in the evaluation of the vertical modulus of 
a soil, Ev, if isotropy is assumed, Fig. 2.5. Superimposed on 
this figure are some typical upper-bound London Clay soil 
parameters, and also a range of likely degrees of anisotropy 
as found for natural clay deposits. The likely range of 
anisotropic parameters for natural clay deposits suggest that 
anisotropy should not be ignored within the analysis. For the 
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particular case of London Clay the error could be as high -35% 
An analytical solution for a circular plate of finite 
flexibility on a cross-anisotropic soil with a uniform or 
parabolically distributed loading (for 82>0) was developed by 
Gazetas (1981). In addition Hooper (1974) modelled plates of 
finite flexibility on cross anisotropic soil using the finite 
element method. The general conclusion that is drawn from 
these various results is that for overconsolidated clays, such 
as London Clay, the influence of cross anisotropy is to reduce 
differential and total settlements. This reduces the value of 
the relative plate rigidity required for the plate to be 
effectively rigid. 
What is apparent from these solutions is that cross anisotropy 
has no scale influence. The 'equivalent' isotropic modulus 
that would be derived from plate tests using Eq. 2.2 could be 
applied directly to a foundation footing of similar geometry, 
allowing for the influence of other scaling effects. If the 
anisotropy is measured independently then this allows for 
considerable improvement in the back analysis of the true 
vertical modulus from a plate test. 
2.1.5 Influence of non-homogeneity 
In addition to cross anisotropic behaviour the soil is also 
likely to be non-homogeneous with depth. In terms of plate 
testing, especially for smaller plate diameters, it is often 
convenient to consider the soil to be ideally homogeneous 
within the zone of influence of the plate. If the plate test 
is considered to be a model footing, then all that is 
essentially required from the test is a method of scaling the 
results from the field data to a full scale foundation 
footing. Non-homogeneity is the only elastic soil 
characteristic that has been directly attributed to the 
scaling relationships between the load-settlement ratios of 
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plates of different diameters, or between plates and full 
scale foundations. Thus the implications of non-homogeneity 
are considered in further detail here. 
Non-homogeneity is described in its simplest form as a linear 
increase in stiffness with depth, following the general trend 
as observed in the field. This linear variation of stiffness 
is conveniently described by the following equation, see Fig. 
E(z) = E(z=0.0) + A. z (2.8) 
where 
)L. linear increase of stiffness with unit depth, z 
E(z) modulus of soil at depth z 
z depth below plate test level 
An approximate analytical solution for the influence of this 
particular description of "non-homogeneity", as described by 
Eq. 2.8, on the load-settlement response of plate of finite 
flexibility was presented by Brown (1974). Good comparisons 
with these results are available from finite element studies 
of the influence of "non-homogeneity": Carrier and Christian 
(1973) modelled the response of a rigid plate; Boswell and 
Scott (1975) modelled a smooth uniformly loaded plate of 
finite flexibility. Further approximate solutions suitable 
for comparison are also available (Alpan, 1974; Burmister, 
1963; Rowe, 1981). A principal conclusion that can be drawn 
from these results is that, for plates of finite flexibility, 
the contact stresses are more uniform in comparison to the 
solutions for an ideally homogeneous soil. Hence both the 
bending moments and differential settlement of the plate are 
reduced. In addition the "non-homogeneity" may be accounted 
for by the application of simple correction factors applied to 
Eq. 2.2 giving: 
d qD I, %, 
E( Z=O) 
(2.9) 
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The influence factor Ih is a function of Poisson's ratio and 
the degree of "non-homogeneity". "Non-homogeneity" is best 
characterised as a non-dimensional parameter, being a function 
of the soil properties and the plate size, given by the ratio 
E(0)/A. D ; where E(0)/A. D =0 equates to the "Gibson soil" (see 
Gibson, 1967) and E(O)/A. D = cm equates to an homogeneous soil. 
As the "non-homogeneity" of the soil tends to the "Gibson 
soil" type condition the settlement becomes insensitive to the 
plate diameter, and Eq. 2.2 becomes: 
d=q I" 
A. 
(2.10) 
where Ib' modified settlement influence factor; for the 
"Gibson soil" condition Ih = 1.5 (Gibson, 1967) 
Both Carrier and Christian (1973) and Brown (1974) found that 
for values of E(0)/1, D20.1 the conventional dependence of the 
settlement on the Poisson's ratio, in the term (1-p; ) 
implied within Eq. 2.9, is reasonably valid. However, for 
values of E(0)/A. D<O. 1 the results become more sensitive to the 
Poisson's ratio of the soil. At the extreme of the "Gibson 
soil" [E(z=0)=0] the ratio of settlement influence factors 
between p. = 0.0 and 0.5 increases to -3.3. Thus the 
dependence of the settlement on the term (1-p. ' ) is no 
longer valid at higher degrees of "non-homogeneity". In 
reality, for plate tests, it is unlikely that the degree of 
"non-homogeneity" E(0)/x. D<0.1 . Thus the result of Eq. 2.10 
can be considered practically trivial for plate testing. 
A comparison of the results of these various solutions is 
given in Fig. 2.7. All the solutions give reasonably uniform 
results for E/A. D>l, while there is a marked deterioration in 
the compatibility of the approximate method by Burmister below 
this value. Overall the compatibility of the finite element 
solution by Carrier and Christian and the approximate 
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analytical solution by Brown would suggest these to be the 
most accurate results to adopt in practice. 
Further analytical solutions are available for the effects of 
non-homogeneity, although the results from these solutions are 
more of academic interest than of practical use for field 
plate test interpretation (see: Gibson, 1967 and 1974; Brown 
and Gibson, 1972; Booker et al., 1985). 
As for cross anisotropy, the effect of non-homogeneity of the 
soil on the plate test interpretation is rarely known a 
priori. Improvement in the interpretation of the test can be 
made if the "non-homogeneity" can be determined by additional 
testing. 
2.1.5.1 Determination of "non-homogeneity" from plate tests 
Apart from direct interpretation of the variation of modulus 
with depth from plates at different test levels below the soil 
surface, it should be theoretically possible to evaluate the 
variation of modulus with depth from the results of plates of 
different diameters. 
Burmister (1963) and Rowe (1981) both proposed methods of 
determining the "non-homogeneity" of the soil from multiple 
plate tests of different diameters. However, the results of 
Carrier and Christian (1973), which are in general agreement 
with the results of Brown (1974), are more acceptable as a 
basis for the interpretation of non-homogeneity. The method 
suggested by Carrier and Christian is to plot the settlement 
at specific bearing pressures against the plate diameter. The 
resultant curve is then matched against the theoretical curves 
for different degrees of "non-homogeneity". Curves for the 
relationship between the plate settlement and diameter for 
µ, a0.5, as derived from Carrier and Christian's work, are given 
in Fig. 2.8. The results within Fig. 2.8 could be used to 
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assess the settlement performance of full scale foundations 
based on limited plate data. Included within Fig. 2.8 is the 
empirical relationship between the plate settlement and 
diameter derived by Terzaghi and Peck (1948), given by: 
d2 = dl 2 D2 2 (D3 
+ 1) 
(2.11) 
where b, = -settlement of structure 
D2 = width of the structure in feet, 
61 = settlement of a 1-foot square plate (for the 
same load per unit area) 
From Fig. 2.8 it can be seen that Terzaghi and Peck's 
empirical curve tends to lie between the curves for 10< 
E (0) /JL. D<1.0 . 
Alternatively Rowe (1981) suggests measuring the modulus 
variation from the measurement of the settlement profile of 
the soil below the plate centre. The method essentially 
involves matching field data of normalised settlement profiles 
against results from the finite element analysis (see Fig. 
2.9) to determine the value of E(0)/A. D and hence the values of 
I, h, E(O) and A.. The results 
illustrated in Fig. 2.9 show 
that the influence of "non-homogeneity" is to concentrate the 
settlements closer to the underside of the plate in comparison 
with the results for the ideally homogeneous case. However, 
Rowe did not examine the likely effect of the other 
idealisations of the soil model and geometry to test whether 
these would influence the interpretation. 
Noting the theoretical influence of "non-homogeneity" in 
reducing the settlement of the soil surface adjacent to the 
plate, Rocha Filho et al. (1987) proposed a method of 
predicting "non-homogeneity" based on measuring these 
settlements. The analysis is based on fitting observed 
settlements of the soil surface to the analytical results of 
22 
Brown and Gibson (1972) for different degrees of "non- 
homogeneity", Fig. 2.10. Unfortunately the analysis is very 
sensitive to small errors in the measurement of these 
displacements. Rocha Filho et al. (1987) found, for a quoted 
example calculation, that for a 15% error in a settlement 
measurement the resultant errors in the evaluation of E(0) and 
1. were 30% and 95% respectively. In addition, Rocha Filho 
and Romanel (1983) found that in order to derive sensible 
results from field measurements of these settlements, the 
required accuracy of the measurements had to be greater than 
t0.01mm (cf. 0.05mm BS1377, Part 9,1990). Thus the 
difference between theoretically ideal interpretation 
techniques and practically achievable methods must be 
appreciated. 
To validate both the scaling relationships and the other 
techniques described for evaluating the "non-homogeneity" of 
the soil, the effects of other idealisations of the soil 
behaviour within the interpretation must also be taken into 
consideration. 
2.1.6 Influence of combined anisotropy and "non-homogeneity" 
While influence factors exist for the independent cases of 
anisotropy or "non-homogeneity", the evaluation of the 
combined influences has received relatively little attention. 
Gibson and Kalsi (1974) (see also Gibson and Sills; 1974) 
evaluated the influence of cross anisotropy for the special 
case of a footing on an incompressible "Gibson" soil, i. e µ. _ 
0.5, E(z)= A. z. The outcome from these studies is that for a 
circular plate on a cross anisotropic, incompressible "Gibson" 
soil the settlement can be expressed as a modified form of 
Eq. 2.10. Giving: 
d3q I, h (2.12) 
2 A. 
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The influence factor I, h can be approximated 
for a wide range 
of degrees of anisotropy by the equation: 
Ia =2 
3 
(4-n) (2.13) 
(m(4-n)+1) 
Comparison of Eqs. 2.7 and 2.13, illustrated in Fig. 2.11, 
demonstrates that for a limited range of values of m and n, 
for the special case of an incompressible "Gibson soil", that 
the influence factor for anisotropy is practically independent 
of the degree of "non-homogeneity". Thus the scaling laws of 
section 2.1.5.1 would appear, at least for a limited range of 
material anisotropy, to be valid. 
Hooper (1975) modelled a circular plate of finite flexibility 
on a non-homogeneous, anisotropic soil using the finite 
element method. Closer examination of the data from the 
limited range of material properties modelled shows that this 
independence of influence factors is approximately valid. 
However, a complete solution for all degrees of anisotropy and 
"non-homogeneity" does not exist. The intermediate cases 
between the "Gibson soil" and the homogeneous soil could be 
reasonably interpolated. Actual results for intermediate 
cases could be readily determined from further numerical 
analysis. 
2.1.7 Non-linear elastic analysis 
Though the possible influence of non-linear elasticity on soil 
structure interaction has been known for some time (Kriegal 
and Wiesner, 1973), it is only comparatively recently that the 
importance of small strain non-linearity has been appreciated 
(Jardine et al. 1986). This has largely been due to the 
increased capabilities of measuring small-strain stiffnesses 
in the laboratory by the use of local strain measurement in 
the triaxial test (Jardine et al., 1984). However, until the 
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development of numerical procedures for analysis on computers 
most non-linear soil models were not suited to rigorous 
modelling of the plate test problem. 
In an attempt to correlate the high-stiffness response of 
London Clay back analysed from full scale structures with 
plate test data, Simpson et al. (1979) related the settlement 
of the plate to the average shear strain within the soil. The 
average shear strain, e.,,, in the soil was equated to the ratio 
of settlement to plate to diameter by: 
e. ý 0.57 6 
D 
(2.14) 
From which it was concluded that for small 'strains' (average 
shear strain < 0.1%) the tangent modulus from plate tests is 
of a similar order of magnitude to that back analysed from 
full scale excavations (i. e. for London Clay E/Cs. -1000). 
Bolton (1991) suggested a similar relationship for use in the 
prediction of foundation settlements on non-linear soils, viz 
e&v =46/D,,, (where DD is the width of the footing, plane 
strain conditions). Unfortunately, Bolton's relationship is 
derived from some doubtful extrapolation of elastic 
settlements from plastic failure mechanisms (an equivalent 
axisymmetric analysis yields e,, r-I 2.66/D). The procedure is 
however conceptually useful and could lead to improved 
foundation design/analysis. The method of relating the 
modulus derived from a plate load-settlement curve to a 
characteristic strain (6/D) is evaluated in greater detail in 
the following chapters. 
A solution to the problem of a rough rigid plate indenting a 
non-linear elastic half space has been described by Shirokov 
et al. (1971). Results were presented for frictional and 
cohesive soils. The results for the distribution of stresses 
and displacements for purely cohesive (frictionless) soil 
parameters are given in Figs. 2.12a, b, c, d. The points of note 
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from these results are: 
(i) The contact stress is generally more uniform than 
that predicted by linear elastic theory, and this 
distribution is stress level dependent. 
(ii) The settlements below the plate centre line decay 
much more rapidly suggesting that -90% of the 
settlements occur within 2-3 plate radii of the soil 
surface, compared to -4 plate radii for the linear 
elastic solution. 
(iii) The settlement profile of the soil adjacent to the 
plate is generally less affected by the plate 
settlement than would be expected purely on the 
basis of linear elasticity. 
In addition to these results Jardine et al. (1986) found that 
the horizontal stresses were sensitive to elastic non- 
linearity. 
What is apparent from these results is that elastic non- 
linearity results in a similar soil response to that produced 
by a plate on a highly non-homogeneous soil. Thus the 
interpretation procedures which use additional measurements to 
determine the "non-homogeneity" of the soil, assuming the soil 
to be linear elastic, could be highly misleading if the soil 
is additionally non-linear elastic. The relationship between 
"non-homogeneity" and non-linearity is investigated in further 
detail in the following chapters. 
A major gap in the existing knowledge is whether the test 
geometry and material property influence factors derived from 
linear elastic analyses can be applied to non-linear elastic 
soils. This is important for both the determination of 
elastic parameters from the test and for the validity of the 
existing scaling laws (for the extrapolation of the results of 
plate load-settlement ratios to different plate/foundation 
sizes). The relationships between different influence factors 
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is examined in greater detail in the following chapters. 
Several non-linear elastic soil models have been incorporated 
within finite element programs (Girjavallabhan and Reese, 
1968; Huang, 1969; D'Appolonia and Lambe, 1970; Duncan and 
Chang, 1970; Desai and Reese, 1970; Desai, 1971; Byrne et al, 
1982). These models have been used to study the influence of 
non-linearity on the load-settlement response of footings. 
These studies have essentially modelled the stress-strain 
response of triaxial data for specific soil types. The 
resultant stress-strain curves (described variously by cubic 
spline, hyperbolic or bi-linear functions, or empirical 
incremental techniques) have been incorporated in finite 
element programs. These programs have been used to produce 
theoretical load-settlement curves which have then been 
compared with results of model footing tests on the various 
soils. However, these studies have not been used to improve 
the interpretation of settlement parameters from the plate 
test, but have merely demonstrated the capability of mimicking 
the boundary responses of the plate load and settlement. 
Further research is required to validate these types of 
solutions by the comparison of the stress and strain fields 
within the soil derived from both numerical and field studies. 
While progress has been made in modelling non-linear soils of 
various descriptions, no attempt appears to have been made to 
determine the range of the modulus-strain relationship of the 
soil that is of importance to foundation analysis. If the 
range can be established, as examined in the following 
chapters, then this would lead to a more distinct appreciation 
of both the need to measure and-model these ranges of soil 
behaviour. 
An indication of the range of small strain stiffness required 
for modelling plate tests on non-linear soil can be found in 
the limited results of Hight and Gens (1979). Hight and Gens 
compared the results of using two different triaxial stress- 
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strain curves, curves ABC and BC in Fig. 2.13a, within a 
finite element program (based on Cowden Till data). The curve 
ABC represents the triaxial results of an initially 
anisotropic overconsolidated soil. While the portion BC 
represents the stress-strain curve that would be obtained from 
a conventional unconsolidated, undrained triaxial test on a 
'perfect' soil sample. The full curve ABC represents the best 
estimate of in-situ behaviour of the till at the assumed 
initial stress state. The curve AB exhibits small-strain 
high-stiffness which is absent in the subsequent curve BC. 
The results from Figs. 2.13b, c suggest an apparent need to 
model the high stiffness of the soil below 0.1% strain. This 
is only a first approximation; a more detailed examination of 
this problem is made in the following chapters. 
Direct interpretation of small strain stiffness from the plate 
test would considerably enhance its role as a geotechnical 
testing method. In addition, this could lead to improved 
foundation design methods that account for the non-linearity 
of soils. 
2.1.7.1 Specialised test procedures to determine elastic 
non-linearity 
From measurements of soil displacement below the plate centre 
it is theoretically possible to back figure the elastic 
modulus-strain relationship of the soil using the stress 
distributions derived from elastic analyses (Jardine et al, 
1985). Yung (1987) used the same method but with stress 
distributions derived from a linear elastic finite element 
analysis of a plate in an open borehole (Woods and Contreras, 
1987). The method involves converting the settlement 
measurements into the average vertical strains, c,, of elements 
of the soil between measuring points. Linear-elastic 
horizontal, Qb, and vertical, a., stresses are then used in 
conjunction with an adopted value of Poisson's ratio, p=0.5, 
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to give: 
Ev = Q, - ab 
E, 
(2.15) 
The results from these analyses agree well with observed 
strain-modulus relationships derived from local strain 
measurements in triaxial tests, see Fig. 2.14, Burland (1989). 
This analysis is still, however, based on the gross assumption 
of linear elastic stress distributions. This type of analysis 
has not been tested for sensitivity to the soil model adopted 
within the analysis or with regard to the loading level as a 
function of the ultimate load. A comparison of the deviator 
stress (0V ab) distributions below the plate centreline 
assuming linear elasticity (with either a completely flexible, 
uniformly loaded plate or a rigid plate) is given in Fig. 
2.15. This figure emphasizes the possible errors that might 
occur if the incorrect stress distributions are adopted. The 
results of section 2.1.7 also highlight the fact that the 
deviatoric stresses are likely to be sensitive to the non- 
linearity of the soil. Hence a more detailed examination of 
this method of interpretation of the modulus-strain 
relationship of a soil is made in the following chapters. 
2.2 Elastic settlement analysis - down-hole plates 
All of the analytical and numerical studies detailed so far 
have been for surface plate analysis. Several analytical 
solutions exist for embedded loaded areas within the elastic 
half-space (Fox, 1948; Nishda, 1966; Butterfield and Banerjee, 
1971; Selvadurai and Nicholas, 1979). Many plate tests are in 
fact carried out within open boreholes or at the base of an 
excavation. Analytical solutions for this problem are scarce 
within the literature. 
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An analytical solution for the problem of a rigid plate at the 
base of an open borehole does exist (Likhovtsev, 1976), but 
only for the limited case of p, =O. 3. This solution suggests 
that the influence of the overburden is to further concentrate 
the vertical contact stress at the plate edge. This would 
tend to enhance the differential settlements and hence the 
apparent plate flexibility. As for surface plate analysis, 
the interpretation of the elastic modulus of the soil from the 
test must be examined with regard to the sensitivity of the 
results to the idealisations of the soil model and test 
geometry. 
2.2.1 Design charts 
Foundation load-settlement design charts suitable for the 
analysis of down-hole plates (Janbu et al, 1956) are 
available. From these charts, the average settlement of a 
circular or rectangular flexible foundation embedded at 
various depths within a linear elastic, isotropic and 
homogeneous soil can be evaluated from the expression: 
az, l iqn 
E 
(2.16) 
in which Ij1 and Ii, (derived from the charts for the effects of 
depth of embedment and depth to rigid base respectively) are 
modified correction factors to be applied to the elastic 
solution of a surface plate on a semi infinite half space. of 
significance from Janbu et al's work is the implication that 
the influence of differing boundary conditions may be 
accounted for by the product of individual influence factors. 
Confusion over the validity of these curves for the problem of 
a plate in an open borehole led to a suggested improvement of 
these design curves based on more up-to-date data (Christian 
and Carrier, 1978a). In these improved' design charts the 
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recognition of the influence of an open borehole (based on 
finite element results for the central settlement of a 
uniformly loaded circle (Burland, 1970)) as opposed to an 
embedded plate yields a revised influence factor Fig. 
2.16a. Theoretically more acceptable solutions for the 
influence of an underlying rigid base (Giroud, 1972) give a 
revised correction factor I. 2, Fig. 2.16b. Christian and 
Carrier noted from comparison of finite element results that 
exact solutions cannot be obtained from the multiplication of 
the two individual influence factors for the set boundary 
conditions modelled. 
Pells and Turner (1978) expressed concern over the correctness 
of Burland's finite element results, producing yet another 
version of the correction factor I,, (see also Pells and 
Turner, 1979; Pells, 1983) for a rigid plate, based on their 
own finite element analyses. However even these results have 
proved controversial (Burland, 1978; Christian and carrier, 
1978b) due to the apparent lack of sensitivity that these 
results give to the influence of an open borehole compared to 
an embedded plate. These contradictory results are due in 
part to the different assumptions of the plate geometry 
modelled in the various studies. Burland's work has since 
been verified in a finite element study of a plate at the base 
of an open borehole (Woods and Contreras, 1988). This latter 
study also contradicts Pells and Turner's findings of the 
insensitivity of the settlement of a rigid plate to the 
condition of full embedment or an open borehole, see Fig. 
2.17. 
" This general confusion highlights some of the problems of 
analyses based on finite element work, where the results can 
be sensitive to the specific boundary conditions adopted. It 
is evident that, in order to use the results from finite 
element studies with any degree of confidence, the mesh and 
boundary conditions adopted must be thoroughly tested by 
comparison of results with available closed form analytical 
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solutions. If these solutions are not available then results 
should be critically compared with existing numerical 
solutions. The results of the testing of the finite element 
program CRISP (as used within the present study) are detailed 
in Chapter 4. 
2.2.2 Influence of test geometry 
The complexity of the geometry of a loaded plate that only 
partially occupies the base of the borehole has eluded 
analytical solution. Experimental solutions, based on an 
elastic medium represented by Araldite blocks, do exist for 
this problem (Hiltscher, 1967). Woods and Contreras (1988) 
and Lopes (1979) produced graphs, derived from finite element 
analysis using linear elastic soil models, for the evaluation 
of the influence of a gap between the borehole and the plate. 
A comparison of these finite element results and the 
experimental results are presented in Fig. 2.18 (finite 
element results for µa=0.25, for a relatively shallow plate 
B/D=2.5, (Pells and Turner, 1978) are also included in Fig. 
2.18). Due to the physical constraints of testing a plate in 
an open borehole the plate is generally smaller than the 
borehole. Examination of the sensitivity of the results 
presented in Fig. 2.18 demonstrates the need to model 
accurately the field test geometry. This further highlights 
the versatility of numerical methods for modelling complex 
geometries, which are often too complex for simple analytical 
solution. 
Within a finite element study of a plate at the base of an 
open borehole Lopes (1979) found the influence of restraining 
the vertical faces of the borehole from movement, i. e. 
modelling a borehole lining, has a negligible effect on the 
settlement analysis. A slightly more detailed examination of 
finite element results (Woods and Contreras, 1988) suggested 
that the initial stress state after excavation of the borehole 
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is sensitive to whether the borehole is lined or not. The 
implication is that for soils whose material properties are 
stress state dependent, the influence of lining could be of 
importance. Hence, in order to validate the use of the 
existing solutions that account for the test geometry the 
influences of more realistic soil characteristics are examined 
in greater detail in the following chapters. 
2.2.3 Influence of characteristic properties of real soils 
There is little in the literature on the influence of non- 
homogeneity, cross anisotropy and non-linearity on the load 
settlement response of down-hole plates. 
An analytical solution exists for the influence of cross- 
anisotropy on the settlement of a centrally-loaded plate of 
finite flexibility embedded in an elastic half space 
(Rajapakse, 1988). If the limited data from this study (three 
degrees of anisotropy modelled) is examined in more detail, it 
is apparent that for any particular degree of plate 
flexibility the influence factors for depth for all three soil 
types are apparently nearly identical. Similarly, Woods and 
Contreras (1987) reported depth correction factors to be 
applied to a surface plate for the evaluation of the 
settlement of a plate in an open borehole. This latter study 
also included the result of a plate on an anisotropic soil 
(only one degree of cross anisotropy modelled). The 
difference in depth correction factor between the isotropic 
and the anisotropic soils is of the order of 7%. These 
results would tend to suggest that the anisotropic and depth 
influence factors are practically independent, and that the 
gross influence of both conditions can be taken as the product 
of the individual influence factors. This conclusion has been 
drawn from a very limited source of data. More comprehensive 
results are required to validate this supposition. 
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An examination of the influence of combined effects of 
different soil characteristics on the parameters interpreted 
from down-hole plate tests is detailed in the following 
chapters. In particular the effects of elastic non-linearity 
are investigated in greater detail. 
2.3 Bearing capacity analysis 
The bearing capacity of a plate can be defined as the ultimate 
load required to produce failure of the soil support. From 
the ultimate load of a field plate load test it is 
theoretically possible to back analyse the undrained shear 
strength of the soil. However, the undrained shear strength 
of a soil is not an intrinsic soil property, but is a function 
of both the test and soil characteristics. The interpretation 
of shear strength from field plate tests is generally based on 
analytical solutions derived from classical plasticity 
analysis. Numerical analyses modelling different soil 
properties and test conditions have extended the results and 
highlighted some of the limitations of the standard 
interpretations. 
2.3.1 Classical plasticity analysis 
The ultimate load capacity of a rigid foundation on the 
surface of a soil, loaded undrained can-be expressed (Prandtl, 
1920) in a general form as (Fig. 2.19a): 
quit = No Cu + qvo (2.17) 
where qat = Mean ultimate or failure pressure on the 
plate. 
Na = Bearing capacity factor. 
C. = Undrained shear strength. 
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q,, = Applied surcharge pressure on the soil 
adjacent to the surface plate 
(* overburden pressure) 
Prandtl's solution for the bearing capacity of a strip footing 
was based on the assumption that the soil is assumed to be 
rigid-perfectly plastic. That is, no strains occur within the 
soil prior to collapse at which point the elements of soil are 
assumed to reach failure simultaneously. The equation in this 
form was adopted by Terzaghi (1943) for-the solution of 
shallow footings (B/D<1), in which the shearing resistance of 
the overburden is ignored. The overburden being accounted for 
by the inclusion of the surcharge load equal to the pressure 
of the overburden above the foundation level, see Fig. 2.19b, 
giving: 
gi1ti = N. C. + yý B(2.18 ) 
where y, = saturated density of clay 
Terzaghi also extended the solutions to deep foundations by 
approximating the bearing capacity to that of a shallow 
foundation with the additional effects of skin friction along 
the foundation shaft, see Fig. 2.19c. 
Further analytical studies by several authors were developed 
for axisymmetric surface plate analysis. A summary of the 
resulting bearing capacity factors is given in Table 2.2 (for 
completeness the solutions to the plane strain problem are 
also included). A result of particular interest from these 
solutions is that (for undrained loading only) the soil weight 
has no influence on the bearing capacity of surface footings. 
In addition, the maximum value of the ratio between the 
shearing stress, t= on the surface of the plate to the normal 
stress was found to be 0.139 (Eason and Shield, 1960). Thus 
the condition of perfect roughness is achieved if the 
coefficient of friction between the soil and the plate exceeds 
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0.139 . In the light of the review of section 2.1.2 
it 
appears likely that the most applicable solutions for field 
plate tests are those for rough plates. 
In response to the uncertainties of applying the classical 
plasticity solutions to deep foundations Meyerhof (1951) 
developed an approximate solution to this problem. In 
Meyerhof's theory the zones of plastic equilibrium within the 
soil increase with foundation depth up to a maximum for a deep 
foundation at which point the slip lines revert to the 
borehole shaft, see rig. 2.19b, c. Meyerhof produced a chart 
for the variation of bearing capacity with depth, from which 
for a deep rough rigid foundation (B/D>-2) Meyerhof's solution 
gives: 
qlt = 9.3 4 C + qo (2.19) 
where qo = normal stress on the equivalent free surface, 
line EF in Fig. 2.19b, c. (assumed to be a constant 
at the foundation level) 
In order to avoid the need to evaluate the equivalent free 
surface stresses every time a complete solution was expressed 
in the form: 
q.. Iti=NaC,, +K. Y. B (2.20) 
where K. = the coefficient of earth pressure on the shaft 
within the failure zone. 
Meyerhof suggested that K, =1 in which case Eq. 2.18 is 
apparently recovered. However, many of the plate tests on 
clays have been conducted in unlined boreholes (Marsland, 
1971a, c), hence the normal and shear tractions on the shaft 
are zero and the self weight of the soil would then be 
expected to have no influence. 
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Skempton (1951) reviewed both the analytical and experimental 
data available at that time and produced a chart for the 
evaluation of appropriate bearing capacity factors, Fig. 2.20, 
to be used in conjunction with Eq. 2.18. However, Skempton's 
solution allows for the influence of the weight of overburden, 
which is in contrast to Meyerhof's solution for open 
boreholes. The experimental results used by Skempton were 
from model studies in which the influence of overburden weight 
would have been negligible. However, it is Skempton's chart 
and Eq. 2.18 which has been widely adopted in practice. The 
discrepancy between the results of the two analyses (for 
unlined boreholes) based on either Eq. 2.18 or 2.19 depends on 
the relative depth of the plate test and the undrained shear 
strength. To illustrate the potential differences in results 
using these two equations, the undrained shear strength 
interpreted from plate tests on London Clay have been 
recalculated using Eq. 2.19. The results, given along with 
the original interpretations using Eq. 2.18, are presented in 
Fig. 2.21. The results of Fig. 2.21 suggest that by using Eq. 
2.18 the shear strength may be underestimated by up to 20%. 
The revised results, using Eq. 2.19, are more compatible with, 
but still lower than, those derived from triaxial tests. 
2.3.2 Cavity expansion analysis 
A different approach to the evaluation of the ultimate bearing 
capacity was developed for the analysis of the strength of 
metals from indentation tests (Bishop et al, 1945); also 
included in the review by Skempton (1951). This solution, 
known as the cavity expansion method, takes into account the 
deformation characteristics of the soil. The bearing capacity 
is defined as a function of the relative rigidity of the soil 
I=, where: 
I= G 
Cu 
(2.21) 
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The solution was extended to clays by Gibson (1950). The 
variation of the equivalent bearing capacity factors for a 
range of values of rigidity index I= is given in Fig. 2.22. 
Also included in Fig. 2.22 are the classical solutions from 
Meyerhof and Skempton. The basic problem with the model is 
that exact equivalence with the bearing capacity of a rigid 
plate in an open borehole is not established. 
2.3.3 Numerical studies 
Many of the earlier finite element analyses have shown that 
the method can often over predict the theoretical bearing 
capacity for footings on rigid plastic soils (Toh and Sloan, 
1980). Other finite element analyses have shown that the 
finite element method can closely model the velocity fields at 
failure as predicted by classical plasticity analysis (for 
example, Davidson (1974) for a strip footing). 
To overcome the problem of the over prediction of the ultimate 
bearing capacity, several solution schemes and element types 
have been proposed for modelling collapse loads for 
foundations. These methods have generally relied on using 
either higher order finite elements (Sloan and Randolph, 1982; 
Chui and Donald, 1982) or lower order elements with reduced 
integration (Toh and Sloan, 1980; Griffiths, 1982; Nordal and 
Antonsen, 1985). Adoption of such numerical methods has 
produced an improvement in the ability to predict accurately 
the collapse of foundations on elastic-plastic soils. For 
example, Woods and Contreras (1988) achieved true collapse 
loads within 10% of the theoretical results using cubic strain 
triangles. 
Griffiths (1982) and Lopes (1979) extended the analyses to 
plates at the bases of open boreholes. Lopes found no 
influence of borehole lining on the ultimate bearing capacity 
of deep plates. Griffiths found that lined and unlined 
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boreholes gave similar results for depths to plate diameter 
ratios of B/D<2-3, when the failure mechanism reverts to the 
soil surface. Conversely for deeper plates the lined 
boreholes gave bearing capacity factors which continued to 
rise with increasing depth, while the open borehole values 
levelled out. Griffith's analyses were carried out with no 
soil weight, i. e. zero gravity, and so the results do not 
completely resolve the discrepancy of the effect of overburden 
weight for deep borehole tests (section 2.3.1). 
The use of numerical methods has additionally allowed for the 
modelling of the effects of geometric non-linearity, in which 
finite deformation prior to failure modifies the ideal failure 
mechanism. Finite element studies, using finite strain 
formulations, for surface strip footings (Carter, 1977) have 
shown the apparent dependence of the ultimate load bearing 
capacity on the rigidity index I,, see Fig. 2.23. What is not 
established from these finite element studies is whether 
ultimate loads are eventually reached. From the results of 
finite deformation analysis it is apparent that the 
infinitesimal strain analysis can under-predict the ultimate 
bearing capacity. Additionally, for typical values of 
rigidity index for natural clay deposits (such as Cowden Till 
and London Clay, 250<Is<100), it is apparent that geometric 
non-linearity is likely to influence the observed ultimate 
load for plate tests. In view of the effect of geometric non- 
linearity it would appear important to extend these results to 
the axisymmetric case. 
2.3.4 Bearing capacity on non-homogeneous soils 
While it is convenient to assume that the soil tested is both 
isotropic and homogeneous in strength, it is likely (through 
stress history and depositional processes) to be both 
anisotropic and non-homogeneous with depth. Thus it is 
important to examine how the idealisation of soil as isotropic 
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and homogeneous effects the value of the shear strength 
interpreted from the plate test. 
Non-homogeneity of strength has been dealt with analytically 
for surface strip footings (Davis and Booker, 1973; Salengon, 
1974; Reddy and Srinvasan, 1970; Reddy and Rao, 1981). 
Approximate solutions to the problem of bearing capacity on 
soils whose strength varies with depth have also been 
suggested (Skempton, 1951; Peck et al., 1953; Livneh and 
Greenstein, 1973). As many of the solutions to the bearing 
capacity of footings have been developed for plane strain 
conditions it is worth considering adapting these solutions to 
those of axisymmetry by the application of shape factors. 
Lopes (1979) concluded from only two finite element analyses 
that the solutions of Davis and Booker could be converted to 
the axisyminetric solution by a universal shape factor of 1.2 
Nakase (1981) reviewed several solutions, from which he 
concluded a shape factor of 1.2 be applied to the solutions of 
strip footings on an homogeneous isotropic soil to derive the 
equivalent square solution. However, Nakase's results show 
that the shape factors are not purely dependent on the 
geometry of the footing but also on the variation of strength 
with depth. All the available solutions can be expressed as 
influence factors for the standard bearing capacity equation 
giving: 
Qnlt = I. Na Cu + q,,, (2.22) 
As for stiffness non-homogeneity, the simplest description of 
strength "non-homogeneity" is a linear increase of strength 
with depth, defining: 
C(2) = C(z=0) + 1. z (2.23) 
where I. Linear increase of strength with depth 
C, (z) Shear strength of soil at depth z 
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It is also convenient to express the strength "non- 
homogeneity" of the soil as a non-dimensional ratio given by 
C/ACD . 
A comparison of bearing capacity influence factors for the 
various solutions available are given in Table 2.3. The data 
within Table 2.3 suggests that for C(0)/l, D>10 "non- 
homogeneity" is of little significance and all the solutions 
are correspondingly uniform. For C(0)/AD<l there is 
increasing disparity between the approximate and analytical 
solutions, the approximate solutions appearing to over predict 
the bearing capacity, while there is reasonable agreement 
between the analytical and numerical results. The approximate 
results for a square footing by Nakase could reasonably be 
extrapolated to the axisymmetric case; however, it would be 
relatively simple to extend the existing results to this case 
by further numerical analyses. 
2.3.5 Bearing capacity on anisotropic soil 
Several solutions exist for the influence of strength 
anisotropy on the ultimate bearing capacity of footings, 
though not all the solutions are compatible due to the 
definition of strength anisotropy adopted: polar diagrams of 
the variation of strength with sample orientation in the 
triaxial test are very useful, but the stress-strain system of 
the test confuses the results when considering the complex 
stress paths within a soil during a plate test. 
Most solutions that have been developed are for surface strip 
footings (Davis and Christian, 1971; D'Appolonia and Lambe, 
1970; and Toh and Sloan, 1980). A solution for strip footings 
at the base of deep trench has also been produced (Reddy and 
Srinvasan, 1971). Nande (1987), in a finite element study, 
compared the influence of strength anisotropy for surface 
strip, rectangular and square footings, see Fig. 2.24. In 
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Nande's study the shear strengths are defined in the 
horizontal, Cb, and vertical planes, C,. The similarities of 
all three curves in Fig. 2.24 suggests that a universal shape 
factor is permissible without too great an error, at least for 
C. i. /Cu,, >l. It would seem reasonable 
to extrapolate the results 
for the square footings to those for the axisymmetric case. 
Based on the results of Nande, it is possible to predict the 
likely error in the back analysis of the undrained shear 
strength of the soil, from a plate test, by assuming the soil 
to be isotropic, see Fig. 2.25. It is evident from Fig. 2.25 
that the shear strength of the soil can, without too much 
error, be assumed to be the strength in the vertical plane if 
the horizontal strength is greater than the vertical. If, 
however, the soil strength is known to be greater in the 
vertical than in the horizontal plane then the interpreted 
shear strength should be assumed to be that of average of the 
two strengths. 
2.3.6 Specialised test procedures to determine shear strength 
A different approach to the interpretation of the undrained 
shear strength is to use the measurement of pore pressure 
below the foundation centreline, as suggested by Lambe (1962) 
and Höeg et al. (1969). The basis of the calculations is 
derived from observations of pore pressure measurements below 
embankment fills. It was observed that after a critical 
surface load was reached there was a distinct change in the 
pore pressure distribution, see Fig. 2.26. This change was 
attributed to the shear stress in the soil at these 
measurement levels exceeding the local shear strength. Höeg 
et al. reported that the calculated shear strength using these 
measurements, assuming elastic stress distributions, were 
found to be only 10-15% higher than those obtained from in- 
situ vane tests. 
This procedure should only be used below the centre of a 
42 
loaded plate where there is no rotation of the principal 
stress directions. If the pore pressure measurements are 
taken below the plate centre then the stress distribution is 
axisymmetric and equivalent to the stress system in the 
triaxial test. If the stress distribution is assumed then 
Skempton's pore pressure parameter A (Skempton, 1954) can, 
theoretically, be determined. Further numerical analyses, 
detailed in the following chapters, are used examine this 
method of strength interpretation in greater detail. 
2.3.7 Practical considerations 
The observation that a well-defined ultimate load is rarely 
obtained from field plate test data has led to several 
alternative methods of back analysing the undrained shear 
strength of the soil from the load-settlement curve. All 
these methods redefine the ultimate load, qat, as a 
characteristic failure load qt which is in turn used within the 
standard bearing capacity equations. These definitions of a 
failure load fall broadly into 3 categories: 
(i) As a function of the geometric properties of the 
load-settlement curve: 
(a) Define q= as the point at which the load passes 
fairly abruptly into a vertical tangent 
(Terzaghi, 1943). 
(b) Define qt as the point of inflection on a log- 
log plot of load v's settlement (DeBeer , 1970) 
(ii) Defining q: as the load at an absolute value of 
settlement, or as a percentage of the plate diameter 
(typically 15%, Marsland (1972)). 
(iii) Extrapolation; Kay and Parry (1982) use an 
exponential curve fitted to the field data to define 
an ultimate load for a screw plate test. The 
exponential curve is fitted by only two data points 
on the load-settlement curve, defined at settlement 
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to plate diameter ratios of 0.015 and 0.02. 
The first method requires visual interpretation of the 
resultant load-settlement curve, which may prove arbitrary if 
this curve is continuously non-linear. The remaining methods 
are of practical value as they define a unique failure load. 
The most practical solution is probably method (ii) (as 
adopted in British Standard, BS 1377) as this defines the 
requirements of travel of the test equipment. This definition 
of failure has been used by the Building Research 
Establishment in conjunction with a bearing capacity factor, 
Nc = 9.25 for deep plates (=9.6 allowing for shearing along 
the vertical edges of the plate) (Marsland, 1972; Marsland and 
Powell, 1985). 
2.4 Elastic-plastic analysis 
The characteristics of the load-settlement curve between first 
yield and ultimate load are important to the design engineer, 
though in reality it is unlikely that a full scale foundation 
would be stressed to the upper limit. The type of post yield 
behaviour is of importance when considering the limits of 
proportionality between load and settlement. The influence of 
elastic-plastic behaviour of soil has implications for both 
the expected elastic settlement range and the ultimate bearing 
capacity, and hence on the interpreted soil parameters. 
The complexity of elastic-plastic analysis has generally 
eluded complete analytical formulation for plate tests. 
Stresses and strains throughout a soil loaded by a circular 
plate can readily be established from elastic solutions, 
whereas at the extreme of the ultimate bearing capacity only 
contact stress distributions have been published. The 
distribution of stresses and strains between these two 
extremes has not received so much attention. 
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An approximate analytical solution for linear elastic 
perfectly plastic soil was proposed by Snarskii (1974). 
Snarskii concluded that for loads substantially lower than the 
limiting load the contact stress may be approximated by the 
theory of elasticity. However, the soil-plate contact 
stresses at the plate edge are not as large as predicted by 
elastic theory, as might be expected due to local yielding and 
stress redistribution. 
For more general solutions to the problem of elastic-plastic 
behaviour most of the research has concentrated on finite 
element analysis. Most of this work being directed towards 
analysis of surface strip footings (for example see 
D'Appolonia and Lambe, 1970; Höeg et al., 1968, Davidson and 
Chen, 1977). The practical implications of these studies are 
that the overall load-settlement response and the influence of 
first yield are a function of (see for example Watt, 1971): 
(i) The initial in-situ stress conditions, Fig. 2.27a 
(ii) The rigidity index of the soil, G/CU, Fig. 2.27b. 
(iii) Strength anisotropy, being only of significance near 
the ultimate load, see Fig. 2.27c. 
In addition the soil-plate response is likely to be influenced 
by the strain-hardening/softening behaviour of the soil. HOeg 
(1972) describes the earliest application of the finite 
element method to the problem of a circular plate on a strain 
softening clay. Within this study the degree of strain 
softening is described as the ratio H/G; where H is the post 
peak slope of the shear stress-strain curve of an element of 
soil in the triaxial test, G is the elastic shear modulus pre 
yield, see Fig. 2.28. [H=0 elastic perfectly plastic 
soil; H<0a strain softening, post yield; H>0 strain 
hardening, post yield] 
Unfortunately it appears that Höeg did not specify a lower 
limit to the strain softening post peak (i. e. a residual 
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strength). A further lack of confidence in the results of 
Hdeg stem from the fact that for an ideally elastic perfectly 
plastic soil the results yielded a bearing capacity factor Na = 
7.0 (c. f. N0=6.05, section 2.3.1). 
Biondi et al. (1977) examined the influence of strain 
softening for a flexible circular plate on a clay bed. Within 
this study the strain softening parameters are more clearly 
defined, with the H/G ratio and also the brittleness index 
(see Fig. 2.28), Ib=1- C,, r/Cw, being specified. The results 
from this limited study are presented in Table 2.4. It is 
apparent from these results that the bearing capacity is over- 
estimated based on a calculation using the peak strength, Cu,, 
but underestimated using the residual strength, C.,. For the 
extreme case of a brittleness index of 0.5 and H/G=1.0 the net 
effect is a 40% reduction in the bearing capacity based on the 
peak shear strength. The results are however limited; further 
research is required to extend the results to rigid plates. 
Comprehensive design charts based on an extensive finite 
element study of the bearing capacity of strip footings on 
strain softening clay have been developed (Kalteziotis, 1981; 
see also Chan and Morgenstern (1989)). Unfortunately these 
results have not been extended to the axisymmetric case. 
A large strain finite element study for a circular footing on 
strain softening clay (Toh and Donald, 1977) concluded that, 
for a similar set of parameters as used by Höeg, a 30% 
reduction in the ultimate bearing capacity might be expected. 
In addition it was found that the collapse load occurred at a 
level of plate deformation where the geometric non-linearity 
could be ignored. However, this conclusion is only based on 
two sets of material parameters. More analyses are required 
to establish the ultimate bearing capacity of a circular plate 
on strain softening soil for a range of values of the relative 
rigidity of the soil, Is, within large strain analysis. 
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2.5 Consolidation analysis 
The plate test is most frequently performed on clay soils to 
provide undrained deformation and strength parameters. 
However, if maintained load tests are considered then the 
evaluation of the consolidation properties of the soil is 
feasible. 
Observed settlement rates of foundations are invariably much 
faster than those calculated using one-dimensional 
consolidation based on the oedometer test (Davis and Poulos 
1972; see also Rowe, 1972). Poulos and Davis recommend that a 
three-dimensional approach be adopted that allows for both 
lateral and vertical dissipation of excess pore water 
pressures. A graphic illustration of the problem is shown in 
Fig. 2.29, taken from model footing studies on a clay bed 
(Shanker et al., 1975). The results from this study should be 
treated with a little caution as the model was apparently 
affected by considerable secondary consolidation, however the 
use of Terzaghi's one-dimensional formulation for this problem 
is clearly inappropriate. 
Allowing for scale affects, it is unlikely that simple 
laboratory testing techniques could reproduce the complex 
three-dimensional stress paths and drainage patterns of a full 
scale foundation as can the field plate load test. Therefore 
consolidation parameters from field plate load tests could, 
potentially, be considered an improvement for the prediction 
of the consolidation performance for full scale foundation 
footings, given similar boundary conditions. 
2.5.1 Surface and down-hole plate analysis 
A summary of the solutions of interest to the interpretation 
of consolidation parameters from a plate test are given in 
Table 2.5 and Fig. 2.30. These analytical solutions allow 
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for the prediction of settlement-time relationships of 
circular plates on the surface of an ideally linear elastic 
isotropic and homogeneous soil. Any of these solutions may be 
applied to plate test data interpretation by curve fitting 
methods if the appropriate boundary conditions are selected. 
While the solutions presented in Table 2.5 are of value for 
surface plate tests, little published work exists on the time- 
settlement response of down-hole plates. A few solutions have 
been proposed for the screw plate tests (embedded plates); 
these are: 
(i) Schwab and Broms (1977) proposed an empirical 
method. The results presented are for soft clays 
only. 
(ii) Janbu and Senneset (1973) presented a solution for 
determining a horizontal coefficient of 
consolidation. This method assumes that radial 
drainage dominates, so while it does provide a 
useful method of interpretation it falls short of 
modelling the full three dimensional nature of the 
problem. 
(iii) Kay and Avalle (1982) used the results derived by 
Davis and Poulos (1972) for a surface plate. 
(iv) Small and Booker (1987) produced an analytical 
solution for a rigid circular plate deeply embedded 
in an elastic half space. 
In a review of the last three of these methods, Brown (1987) 
suggested that the last solution was the most accurate for the 
screw plate test. Brown concluded that the Janbu and Senneset 
method over-predicts C, by over 30 times compared with the 
Booker and Small solution; whereas the Kay and Avalle approach 
leads to a value of C, which is about 1/5 of the value obtained 
by Booker and Small. 
The sensitivity of the various solution's to the assumed 
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boundary conditions, as illustrated by Brown, does not give 
great confidence in the extrapolation of these results to the 
problem of a plate in an open borehole. In addition, due to 
the apparent sensitivity of soil-plate interaction to elastic 
non-linearity and plastic yield, any results based on the 
ideally linear elastic solutions must be taken as approximate. 
The problem is compounded when considering the effects of 
drainage of the soil due to the stress relief and the altered 
drainage paths due to the presence of an open borehole. 
Analyses modelling these non-idealised conditions, as detailed 
in the following chapters, have been used to examine the 
feasibility of deriving the consolidation characteristics of 
the soil from plate tests. 
All the solutions available to date do not allow for changes 
of permeability with consolidation, though further 
investigation into this area is beyond the scope of this 
present study. The influence of secondary consolidation or 
creep on the load-settlement response of a strip footing on a 
soft clay was studied by the finite element method (Burke et 
al, 1982) incorporating the Cam-Clay model. Secondary 
consolidation is beyond the scope of this study and will not 
be considered further. 
2.5.2 Practical considerations 
Few results from large-scale loading tests carried out to full 
consolidation have been published. Limited examples of full 
settlement-time curves for plate tests are given by Ulrich 
(1980). Thus, validation of the use of the various 
analytical/numerical solutions to derive consolidation 
characteristics from plate tests is very difficult. 
One of the disadvantages of testing clays with large diameter 
impermeable plates is that the time required for a significant 
portion of the consolidation settlement to occur is very 
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large, and hence the test will be costly. Ideally, 
interpretation procedures that only require the initial 
portion of the load-settlement curve should be sought. A 
method of extrapolating the initial load-settlement-time 
response of a foundation to obtain the ultimate settlement, 
based on a theoretical hyperbolic settlement-time 
relationship, is given by Konandiranswamy and Rao (1980). 
From data selected by the authors, it appears to work well for 
the observations of the time-settlement behaviour of full 
scale foundations. However, examination of Ulrich's data does 
not confirm a hyperbolic relationship. This is only a limited 
set of data, and on this basis the method should not be 
completely dismissed. 
2.6 Model and field studies 
The purpose of this section is to review the available field 
data, as this data forms the benchmark against which the 
results of theoretical and numerical models must be evaluated. 
While numerical and analytical solutions exist for idealised 
soil behaviour, problems exist in extrapolating these results 
to real soils which are subject to the influence of natural 
features such as fissures and fabric. Thus by examining the 
results of field tests the inadequacies and limitations of the 
applicability of the idealised solutions to field problems may 
be assessed. 
The complete history and the development of the field plate 
load test is beyond the scope of this study, a short review of 
some of the earlier experiences with plate testing is given by 
Cooper (1980). Of particular interest to this present study 
is the work of the Building Research Establishment (BRE), 
mainly carried out in the 1960/70's, though where appropriate 
the experience and results from other field studies will be 
referenced. 
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2.6.1 General 
It is has been observed that the field plate load test can 
give a greater degree of reproducibility of test results than 
can be achieved by laboratory testing on small scale specimens 
(for example, Marsland, 1971a; Marsland, 1979; Marsland and 
Powell, 1979). This is thought to be due to the fact that 
small scale specimens are more likely to be sensitive to local 
features within the test specimen, such as fissures, 
inclusions or fabric of the soil (Marsland, 1971b). The field 
plate test loads a larger volume of soil and is less 
susceptible to individual local features; thus the observed 
plate-soil response represents an average of the overall soil 
behaviour. 
In general, the standard back analysis of the load-settlement 
curve from a field plate load test on stiff fissured London 
Clay gives results which suggest that standard laboratory 
tests on small scale specimens overestimate the shear strength 
but underestimate the elastic stiffness. The former result is 
thought to be due to the fabric and structure of the soil, the 
latter due to poor resolution of strain levels within the 
standard laboratory test samples. Field plate load tests give 
soil stiffnesses higher than standard laboratory tests, but 
which are more consistent with those back-analysed from full 
scale foundations. These are the predominant reasons for the 
upsurge in interest, by the BRE and others, in the 1960's and 
1970's in the use of large scale field testing methods. 
However, relatively recent developments in local strain 
measurement techniques (which result in small strain high- 
stiffness data) appears to provide a convenient way to derive 
high quality results without the relatively high cost involved 
in field testing. 
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2.6.2 Results from model and field studies 
Early studies (Ward et al., 1965) with small scale plates 
(0.15m diameter) found that the results were sensitive to: 
(i) The time interval between an excavation reaching a 
particular level and the test being executed. 
(ii) The position of the plate in relation to the 
fissures, where fissure spacing is comparable to the 
plate size. 
(iii) The spacing of the fissures in relation to the size 
of the plate. 
Hence, although high quality laboratory tests may appear to 
offer an advantage for soils suited to sampling and small 
scale laboratory tests, field techniques which test larger 
volumes of the in-situ soil may yield design parameters which 
are, possibly, better suited to the field problem. 
The apparent need to test larger volumes of soil resulted in a 
series of plate tests by the BRE, on both London Clay sites 
and on a lightly overconsolidated clay at a test bed site at 
Cowden, using plates of 0.292-0.865m diameter (Marsland, 
1971a, b, c; Marsland, 1972; Marsland and Powell, 1979,1980, 
1985). Results from these studies confirmed the sensitivity 
of the results to the presence, spacing and orientation of 
fissures and to the time to loading after completion of the 
excavation. Additionally, it was found that the results were 
also sensitive to whether the surface of the soil loaded by 
the plate was prepared by hand prior to setting of the plate. 
This is illustrated in Fig. 2.31, in which the load-settlement 
curves for plates of small diameter at the base of a borehole 
(where surface/bedding preparation is near impossible) and 
large diameter tests (where surface preparation is possible) 
are compared. The tests in which the soil surface was 
prepared by careful hand excavation exhibited stiffer load- 
settlement curves and apparently lower ultimate loads. This 
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discrepancy of results was thought to be due to the presence 
of loosened and disturbed material at the base of the 
borehole, due to augering, for the small diameter plate tests. 
This observation fits neatly into the theoretical dependence 
of the ultimate load on the rigidity index of the material 
when considering geometric non-linearity (see section 2.3.3). 
The observation that strain softening can occur within a plate 
test, Fig. 2.31, in spite of possible geometric non-linearity 
is also of interest (see section 2.4). General agreement 
between failure loads and the theoretical bearing capacity was 
thought to be established for London Clay at a settlement to 
plate diameter ratio of -15% (Marsland, 1972). 
It became apparent to the BRE (Marsland and Eason, 1973) that 
the soil-plate interaction could be affected by stress relief 
and mechanical disturbance of the soil near the soil-plate 
interface during excavation and preparation of the test 
surface. This led to the development of additional 
instrumentation to measure the displacements of the soil below 
the plate centre in order to take measurements away from the 
disturbed zone (Marsland and Eason, 1973). The results from 
these tests highlighted a distinct anomaly in the settlement 
profile within the soil in comparison with that predicted for 
an ideally linear elastic soil model. The field results 
suggested that the settlement was concentrated within a 
smaller depth below the plate than predicted by the elastic 
theory, see Fig. 2.32. This was attributed at the time to thel 
high compressibility of the soil in the disturbed region 
around the plate. Similar observations from the measurements 
of displacements under large-scale foundations have however 
been attributed to non-linearity of the soil (Kriegal and 
Wiesner, 1973). Numerous other tests have confirmed this 
general concentration of displacements within the soil for a 
wide variety of clay soils and plate diameters (0.4m to 1.13m 
dia., Chikisev, 1977; 0.46m dia. + 3.1m square test footing, 
Bauer et al., 1979; 3m square test footing, Jardine et al., 
1985; 0.865m dia., Yung, 1987). In spite of the possible 
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effects of non-linearity of the soil, plate tests often 
produce distinctly linear load-settlement curves at high 
factors of safety (e. g. Burland et al., 1966). This may, 
however, be due to mutual compensation of a softened, 
disturbed zone of soil (due to excavation) and small strain 
stiffness. 
One of the problems highlighted in the back analysis of the 
displacements and pore pressures below the plate centre (to 
determine the small strain stiffness and the shear strength 
respectively) is the uncertainty of the actual stress 
distributions within real soil loaded by a plate. Very few 
cases of the measurement of the actual stress distributions 
within the soil due to a loaded plate exist within the 
literature. A summary of 11 case studies of contact stress 
distributions at soil-foundation interfaces (Schultze, 1961) 
suggested that elastic-plastic stress distributions may be 
more appropriate than those derived from elastic theory. 
Unfortunately the loading conditions of the results are 
unknown; and in addition the accuracy of the instrumentation 
and its calibration, given the date of these measurements 
(1930-1960), must throw some doubt on the overall validity of 
the conclusions. Tagenaka et al. (1971) suggested, from 
results of contact stress measurements from plate tests on 
clay soils (0.18 to 2. Om diameter), that the Boussinesq type 
linear elastic stress distribution is valid for stresses up 
to 60% of the preconsolidation pressure. There is some doubt 
as to the reliability of some of the instrumentation within 
this latter study, particulary from gauges at the plate edges, 
but the overall correlation of results with the linear elastic 
stress distributions is of considerable interest. 
Several authors report results of pore water pressure 
measurements within the soil below the loaded plate, and these 
may provide clues to the stress distributions within the soil. 
From the theory of elasticity the stresses immediately under 
the plate centre are nearly isotropic, and will approximate to 
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one half the mean applied pressure for a rigid plate. The 
limited pore pressure measurement results of Ulrich (1980) and 
Andersen and Stenhamar (1982) (for a square plate) suggest 
that the total vertical stress (z change in pore pressure) 
near the plate centre is approximately one half of the mean 
applied pressure, as predicted from the theory of elasticity. 
Conversely pore pressure measurements near the plate edge 
(Thamm, 1976; Ulrich, 1980; Andersen and Stenhamar, 1982) 
illustrate the influence of shearing and/or stress 
redistribution and reorientation due to plastic yielding by 
the marked reduction of pore pressure below the theoretical 
values in these regions. 
The overall picture of the actual stress distributions at 
different factors of safety on the ultimate load is generally 
confused by the lack of experimental evidence. Until the 
actual stresses within the soil due to a loaded plate are 
measured, then the most suitable method of predicting the 
stresses is via non-linear numerical models. As noted earlier 
the effects of fissures and the fabric of the soil may, 
however, still invalidate the use of these idealised soil 
models. Further work is required to validate the use of non- 
linear numerical analyses for the plate test problem. 
2.7 Summary and discussion 
There exists a wealth of information within the literature on 
the load-settlement response of the plate test. The 
fundamental problem of the test is that only limited boundary 
responses of the soil are measured; the complete stress and 
strain response of the soil remains largely unknown. Using 
three measurements, load, settlement and time from a plate 
test, it is impossible to predict and back analyse all of the 
characteristics of real soil behaviour (such as anisotropy and 
non-homogeneity) which influence the test results. The 
interpretation of the test may be improved by the use of 
55 
influence factors to account for idealisations of the test 
geometry and soil characteristics. Unfortunately the material 
characteristics of the soil are rarely known a priori. In 
order to interpret soil parameters from the test with greater 
confidence more measurements must be taken either from the 
plate test itself or from independent testing methods. 
The problem with taking additional measurements from a plate 
test, to derive more information about the behaviour of the 
soil, is that the results can become oversensitive to the 
errors of measurement. As the measurement points are moved 
away from the plate, the measured values can become an order 
of magnitude smaller and therefore very much harder to measurei 
accurately. If such techniques are to be employed, then the 
influence of conflicting characteristics of real soil-plate 
behaviour must be appreciated in order to avoid 
misinterpretation. This problem is typified by the 
similarities of the soil-plate response for linear elastic 
non-homogeneous and non-linear elastic soils: if the non- 
linearity of a soil is ignored the settlement characteristics 
of the soil when loaded by a plate could be wrongly attributed 
to the soil being highly non-homogeneous. 
To appreciate the limitations of the value of parameters 
currently interpreted from the test, further analyses 
(detailed in the following chapters) are required which 
account for a range of more realistic soil characteristics and 
test conditions. The finite element method has been shown to 
be a versatile modelling option, allowing for accurate 
reconstruction of analytical results from elastic settlement 
through to ultimate collapse loads. In particular the method 
is suited to the modelling of the non-linear nature of soil 
using more realistic constitutive soil models and test 
geometries. As such it can be used to validate both standard 
and improved test procedures and extend the current knowledge 
of non-linear effects on soil-plate interaction. It is 
apparent that the mesh and boundary conditions used within any 
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analysis must be critically examined by comparison of the 
results with existing analytical and numerical results. 
2.7.1 Settlement analysis 
Linear elastic solutions have been extensively developed to 
allow for the influences of differing test geometries and soil 
characteristics. These solutions allow for individual (but 
generally not combined) influence factors to account for the 
soil behaviour or test geometry. The results that do exist 
for combinations of more realistic soil behaviour and/or test 
geometry suggest that the settlement influence factors are 
practically, at least for the limited ranges studied, 
independent. Further solutions are still required for 
combinations of different soil characteristics and test 
geometries. In particular, recent developments in the 
measurement and modelling of the small strain non-linear 
behaviour of soils has highlighted the need to account for 
this facet of real soil behaviour. Further work is required 
to model and examine the effects of combinations of different 
soil characteristics and test geometries in conjunction with 
elastic non-linearity. 
2.7.2 Bearing capacity analysis 
The practical and theoretical problems of deriving the 
undrained shear strength properties of the soil from the 
ultimate or failure load on the plate are very apparent. The 
results of the preceding sections have highlighted the 
sensitivity of the shape of the load-settlement curve to a 
very broad range of influences of real soil and test 
conditions. Hence test procedures that define a 
characteristic failure load rather than an actual ultimate 
load, in order to derive the undrained shear strength, should 
be used with caution. Any definition of a relationship 
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between a failure load from a load-settlement curve and the 
shear strength should only be made after control testing (the 
British Standard definition of a failure load taken at a 
settlement to plate diameter ratio of 0.15 has been defined 
from tests on London Clay). If the plate test is used as a 
prototype foundation, then (as for settlement analysis) only a 
scaling factor is required. 
The theoretical solutions for the bearing capacity of plates 
on the surface of an idealised rigid plastic soil are well 
developed. The only surface plate solutions that still 
require evaluation are for circular plates on non-homogeneous 
and anisotropic soils, though these could reasonably be 
extrapolated from square plate solutions. For the analysis of 
down-hole plate test results there appears to be slight 
confusion over the influence of the weight of overburden 
within the back analysis. In addition it would appear that 
there is a need to account for the influence of the initial 
stress conditions within the soil for down-hole plates. 
The influence of geometric non-linearity on the apparent 
failure load is slightly confused. Finite element analysis of 
elastic perfectly plastic soils incorporating geometric non- 
linearity would tend to suggest ultimate loads not being 
reached. However, strain-softening soils appear to 
significantly reduce the ultimate load capacity of the plate, 
with or without geometric non-linearity. 
2.7.3 Consolidation analysis 
The current interpretation of a time-settlement curve from a 
screw plate test requires numerous assumptions as to the soil 
characteristics. The value of the coefficient of 
consolidation (Ce) derived is clearly a function of both the 
soil behaviour and assumed loading conditions. As assumptions 
are made on both counts the net value of C, can only be treated 
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as an empirical parameter that relates the time to the degree 
of consolidation. However, due to the need to account for the 
in-situ fabric of the soil, the use of large scale field plate 
tests to derive consolidation characteristics of a soil may 
still offer distinct advantages over smaller scale laboratory 
element tests. Consolidation parameters derived from the 
plate test should ideally be used only for the design/analysis 
of full scale foundations of similar geometry and boundary 
conditions. 
For surface plates solutions have yet to be published for 
rigid plates on the surface of a linear elastic soil with 
anisotropic permeability. The influence of elastic non- 
homogeneity or anisotropy of the soil skeleton has not been 
evaluated either. Given the likely sensitivity of the stress 
distributions to local yielding of the soil near the plate 
edges, it is important to establish how this will effect the 
time-settlement curve and its subsequent interpretation. 
Most of the solutions available have been developed for 
surface plate analyses. Of particular relevance to down-hole 
plate tests is the influence of an open excavation on the 
time-settlement response, as opposed to the established 
solutions for an embedded plate. As for surface plate 
analysis the influence of more complex material properties 
must be considered. 
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Reference Ratio of settlement of rough plate: smooth plate 
Poi sson's ra tio of soil 
0.0 0.1 0.2 0.3 0.4 0.5 
Rigid (Spence 1968) 0.910 0.930 0.951 0.972 0.991 1.00 
plate 
Flexible 0.841 0.874 0.910 0.948 0.982 1.00 
plate (Schiffman 1968) 
Table 2.1 Influence of adhesion on the settlement of surface plates 
Bearing 
capacity 
factor 
Nc 
Comment Reference 
7.14 Surface plate, circular. Empirical Terzaghi (1943) 
6.05 Surface plate, circular. Rough rigid Eason and Shield (1960) 
6.025 Surface plate, circular. Rough rigid Strogonov (1977) 
6.18 Surface plate, circular. Rough rigid Meyerhof (1951) 
6.20 Surface plate, circular. Rough rigid Skempton (1951) 
5.71 Surface plate, circular. Smooth rigid Meyerhof (1951) 
5.69 Surface plate, circular. Smooth rigid Cox (1962) 
5.69 surface plate, circular. Smooth rigid Cox, Eason and Hopkins (1961) 
5.69 Surface plate, circular. Smooth rigid Shield (1955) 
5.68 Surface plate, circular. Smooth rigid Ishlinsky (1944) 
6.05 Surface plate, circular. Flexible Meyerhof at al. (1952) 
5.14 Surface plate, Strip Prandtl (1920) 
9.34 Deep downhole plate circular. Rough rigid Meyerhof (1951) 
9.00 Deep downhole plate circular. Rough rigid Skempton (1951) 
8.28 Downhole strip. Rough rigid Skempton (1951) 
Table 2.2 Bearing capacity factor Nc from classical plasticity 
analysis 
6n 
W 
+J 
to to (a 
UUU 
". 
4"4"H 
ww 
eT Is 
"ý >ý " 4. ) +0 
41 
U) 
NW 
4444 
bObO. 
rl. pi 
a 
°V)%ulU)M 
moo ma ro 
" er r4 .4 .... O r1tnV Ch NDo N 
x 
ý-1 ri OO V-1 co mH O " rl 00 1n0N01 
v le koin NNNH 
fm m 
>4 rý ch 11 1111 11 
41 
O O 
4) m O r-I 
1It 1111 '`t O 
0 
0 C1 91- RW ' 
citfl ' Ne-ir' i 
... . 1 
O 
C 
O co 
N 11I III1 NN Ö 
r-q 1""114 
d 
Q) F) to d' N P-1 N ,. 4 31 0 00'0 0000 
Q ý-i r-1 ý-1 ri rI . -I 
4 
000 0000 00 
g C! 99 9 
r r-1 , -I 
999 
rl rl r4 
99 
ý-I ,i 
M 
N 
#"% v co 
Qi 
M 
1±i 
n 
f1 is ý" 1 U ^º 01 NW %-- 0 
di C19 N 
$4 v 
-0 0 W-4 to W-4 
W % , 
C ßi %-o 
r-j r, - Q0 1 
+ ý 
" ý vy 
F i i Qi it v i . D ii . 43 It al IC N 4J rh (1) 
2 U Q) 
4.4 N 
N 10102 0 
to $4 
M04 QZ aau 
C 
0 
-ri 
4J 
O 0 
r-I 
N 0 
N 
V 
R 
0 
N w 
34 
0 
44 44 
0 
N 
O 
41 O 
H 4J 
U 
44 
u U 
4 "r 
a ý 
R i as W r-I 
W 9,4 
O O 
N 
. >1 
"1-i 4J N 
14 Ü0 
. rq 
P-4 NN 
ac $4 tC 4) N O+ 
0 0 
CT R 
0-4 GO 
"-i rl 
$. i 1 
O (a A 
". -I NO W al G 
-. -1 
U 
M 
a " 
*tA N 
O 
'-i 
to H 
61 
H/G Ib = 30% Ib = 50% 
4nlt/C.. `alt/Cur 'SUlt/C.. `3lt/Cur 
-1.0 
-0.5 
-0.1 
4.70 
4.75 
4.75 
6.70 
6.80 
6.80 
3.77 
3.78 
4.35 
7.54 
7.56 
8.70 
0.0 6.30 
Table 2.4 Influence of strain softening on the bearing capacity 
of uniformly loaded flexible surface plates (Biondi et 
al., 1977) 
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Fig. 2.1 Contact stress for a rigid circular plate on an 
elastic half space 
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Fig. 2.2 Radius over which soil is in full adhesive contact 
with plate (Spence, 1975) 
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Fig. 2.3 Contact stresses for plates of finite flexibility 
(Borowicka, 1939) 
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Fig. 2.4 Settlement influence factor for homogeneous, cross anisotropic incompressible soil (Hooper, 1975) 
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Fig. 2.5 Likely error in the back analysis of the undrained 
vertical modulus of an anisotropic soil assuming it to 
be isotropic (Woods and Contreras, 1988) 
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Fig. 2.7 Comparison of solutions for the settlement Influence 
factor for circular plates on an incompressible non- 
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Fig. 2.8 Settlement-diameter relationship for plates on non- homogeneous soil (Carrier and Christian, 1973). 
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Fig 2.10 Distribution of vertical surface displacement 
outside the loaded area for a plate test on an incompressible non-homogeneous soil (Rocha Filho et al., 1987) 
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3.0 FINITE ELEMENT ANALYSIS: AN INTRODUCTION TO CRISP 
In the first section of this chapter a brief introduction to 
the CRISP finite element program is given. No attempt is made 
here to describe the CRISP program in complete detail or even 
the finite element method in general. More detailed 
information about CRISP can be found in the programming 
manuals (Britto and Gunn, 1982; 1984) or in the text book 
based on the program (Britto and Gunn, 1987). Numerous texts 
exist giving more detailed treatment of the finite element 
method (e. g. Zienkiewicz, 1977). 
3.1 Introduction 
The computer programs collectively known as CRISP originate 
from research work carried out at the Cambridge University 
engineering department soil mechanics group in the mid 1970's. 
The principal authors have been M. Zytynski (1975-1977), 
M. J. Gunn (since 1977) and A. Britto (since 1980). The programs 
were originally called MZSOL. In 1976 they were renamed 
CRISTINA. The latest versions, since 1981, have been known as 
CRISP (Critical State Program(s)). 
3.1.1 Program structure 
The CRISP suite of programs contains two distinct components. 
The geometry program reads the geometric details of the finite 
element mesh as specified by the user. The data input for 
this program comprises user defined vertex node coordinates, 
element connectivity and element types. The geometry program 
generates mid-side and interior nodes, derives the optimised 
solution order for the frontal solver and creates a permanent 
'link' file of geometric data to be subsequently read by the 
main program. A second user prepared data file contains the 
details of the analysis which is read by the main program in 
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conjunction with the link file. The main program calculates 
the displacements, stresses and pore pressures based on the 
boundary conditions of the analysis. The output can be 
regulated by parameters specified within the input data. A 
general flow chart of the structure of the analysis is given 
in Fig. 3.1. 
3.1.2 General program features 
The program allows for the analysis of drained, undrained or 
fully coupled consolidation. The analysis can be for plane 
strain, axisymmetric or three-dimensional geometries. The 
program has several different constitutive model options. 
Within any analysis allowance is also made for different 
material properties to be assigned to different elements. The 
element types that are available within the program include 
linear strain triangles, cubic strain triangles, linear strain 
quadrilateral and twenty noded brick elements (with extra pore 
pressure degrees of freedom for consolidation analysis). 
An incremental tangent stiffness approach is adopted within 
the non-linear analysis. An option also exists for allowing 
the coordinates of the mesh to updated at the end of each 
increment to allow for approximate modelling of large strain 
behaviour. Automatic calculation of loads simulating 
excavation or construction sequences, by the removal or 
addition of elements respectively, are made within the 
program. 
Applied loading is imposed on the mesh in one of the following 
ways: 
(a) Forces applied directly at nodes as point loads. 
(b) Pressure or traction loading along element sides in 
terms of normal or shear pressures. 
(c) Indirectly as displacement control. Displacements 
may be specified for any node, described in terms of 
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its vertical and horizontal components. 
(d) Self weight loads, body forces. The effect of 
gravity may be controlled to allow for self weight 
effects, or gravity can be set to zero (idealised 
non-gravity problems). 
The boundary conditions of the mesh can be 
the degree of fixity of individual element 
can be fixed in both the horizontal and ve: 
simulate complete fixity, or merely in one 
simulate frictionless contact with a rigid 
the elements are completely free. 
fixed by specifying 
sides. The nodes 
rtical directions to 
direction to 
body. By default 
The initial stresses within the mesh can be set in one of 
three ways: 
(a) All the stresses set to 
(b) Interpolate from values 
vertical locations in t] 
user. 
(c) Specify values directly 
in every element in the 
zero 
specified at discrete 
ie mesh as determined by the 
at every integration point 
mesh. 
With internal checks on the progress of the analysis, the 
program can output several standard warning messages to 
indicate likely numerical problems, or data errors. Many of 
these warning messages are non-fatal but can have serious 
implications as to the validity of the subsequent output and 
should be checked in every analysis performed. A second 
source of checking the validity of the results is in the 
output, for every increment of an analysis, of equilibrium 
errors. This equilibrium check compares the internal stresses 
with the external loading (the self weight loads are 
considered as part of the external loading). The error in the 
equilibrium, expressed as a percentage of the total load, is 
printed to the main output file. The implications of a high 
equilibrium error will depend upon the size and type of the 
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analysis. 
3.1.3 Drainage conditions 
CRISP can be used for the analysis of drained, undrained or 
fully coupled consolidation analysis. The first of these two 
types of analyses use the effective stress method. The latter 
is based on the time dependent flow of water through soil as 
described by Biot (1941). The effective stress method can be 
concisely explained in terms of the components of the 
stiffness matrix for a particular element given here as it 
obtained by the integral 
fv 
j BTDBd(vol) 
over the volume of the element. Where B relates changes of 
internal strain Ac to the nodal displacements Ad given by: 
ee =B Ad 
and D relates the changes of internal stress Au to the strain 
Ac, given by: 
eQ=D Ac 
The components of the D matrix are expressed in terms of total 
stresses and represent the combined response of the soil 
skeleton and pore fluid. If effective stress soil parameters 
are used within the stiffness matrix then the total stress 
stiffness matrix D is related to the effective stress 
stiffness matrix D' by the expression: 
D=D' +mmnKt 
where mT=[11100 0] 
iC = effective bulk modulus of the pore fluid 
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In order to model the influence of pore water 
incompressibility for undrained analysis it is recommended 
that the bulk modulus of the pore water be set to 100K', where 
K' is the effective bulk modulus of the soil skeleton. That 
is to say the pore water is relatively incompressible and can 
transfer an applied total load. Using this method the 
effective , D', and total stress, D, stiffness matrices are 
stored separately. The total stress D matrix being used 
within the solution of the main analysis. The effective 
stress stiffness matrix D' and the bulk modulus of the water 
can then be used to calculate the effective stresses and pore 
water pressures respectively: 
eQ' = D' Ac 
Au=K! Ac 
where Aal = incremental change of effective stress 
Au = incremental change in pore pressure 
Ac, = incremental change in volume strain 
A further approach is feasible for undrained analysis in which 
the soil parameters used to assemble the effective stress 
matrix, D', are the equivalent total stress parameters. In 
this case the bulk modulus of the water is set to zero. Using 
this method, only the total stresses are output by the 
program. The equivalent change in pore pressure can be 
equated, for linear elastic soils, to the change in mean total 
stress. Thus allowing for indirect calculation of the 
effective stresses. The total stress Poisson's ratio for 
undrained analysis is theoretically 0.5. To avoid the 
numerical difficulties of setting p =0.5 (in which case the 
denominator term (1-2p. ) used to assemble the D matrix goes to 
zero) a value of Poisson's ratio of 0.47-0.497 is commonly 
adopted (Woods and Contreras, 1987). 
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3.1.4 Element types 
CRISP provides for several different types of elements as 
detailed above. Of particular interest to this study is the 
15 noded Cubic Strain Triangle (CuST). The CuST has a total 
of 15 nodes (3 vertex, 9 edge and 3 interior) giving a total 
of 30 degrees of freedom per element, see Fig. 3.2a. The 
element has 16 gauss points and up to 4t° order quartic 
displacements can be modelled. A variation of this element 
allows for consolidation analysis by the incorporation of 10 
additional pore pressure nodes (3 vertex, 6 edge and 1 
central), see Fig. 3.2b. The CuST has proven capabilities in 
modelling accurately stress and strain fields, from elastic 
settlement through to collapse, for foundation footings (Woods 
and Contreras, 1987; Sloan and Randolph, 1982). Other element 
types have also proven to be of value for modelling the 
ultimate collapse loads of foundations. For example, Chui and 
Donald (1982) demonstrated that the use of reduced integration 
can lead to improvements in the computing time required in the 
analysis of collapse. Sloan and Randolph concluded, from 
extensive comparison of the performance of both lower order 
elements (with reduced integration) and higher order elements, 
that the only element suitable for axisymmetric foundation 
analysis was the CuST. The reduced computing time realised by 
lower order elements being offset by the effect of relaxing 
the overall incompressibility condition, which may cause the 
entire load-deflection response to be in error. Therefore the 
CuST has been adopted throughout this study. 
3.2 Constitutive soil models Within CRISP 
The version of CRISP available at Surrey University allows for 
modelling of the following constitutive soil models: 
(a) Linear elastic, anisotropic (. isotropy being a 
special case of anisotropy) 
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(b) Linear elastic, non-homogeneous (Non-homogeneity of 
stiffness with depth described as a linear 
variation) 
(c) Elastic, perfectly plastic with the following 
options of yield criteria: 
(i) Von Mises 
(ii) Tresca 
(iii) Drucker-Prager 
(iv) Mohr-Coulomb 
(d) Non-linear elastic perfectly plastic (Tresca yield 
criterion) 
(e) Critical state with Cam clay or Modified Cam clay 
yield criteria 
Within the analysis using the non-linear soil models, i. e. 
soil models (c) to (d), a tangent stiffness solution is 
adopted in which the stiffness matrix, D. is updated at each 
increment. As no iterative corrections are applied, 
increments should ideally be kept very small to avoid 
excessive deviation from the true solution. 
3.2.1 Linear elastic analysis 
In modelling the elastic response of the soil using the linear 
elastic models the version of CRISP available at Surrey allows 
for linear elasticity with cross anisotropy or non- 
homogeneity. The anisotropic model requires the five 
independent elastic parameters 
Ilvn t ßhh r En " E, 0 GYe 
to be specified, as detailed in Section 2.1.4. 
The non-homogeneous elastic (isotropic) model requires only 
the following parameters: 
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E (Z. ) º M., l', ', Z. 
where z, - the depth at which vertical modulus E(z) is 
specified 
In order to fully model the condition of combined anisotropy 
and non-homogeneity the program was modified within this 
present study. For this problem the term z. was made a 
constant within the program (specified at the plate test 
level). The data file then consists of the five anisotropic 
elastic parameters and one data record for the rate of 
increase of stiffness with depth. The ratios Eh/E and G,, /E, 
then being specified as constants for all depths. Thus for 
each integration point the stiffness of the soil is calculated 
using the global coordinate positions of the integration 
points. 
3.2.2 Elastic, perfectly plastic analysis 
In modelling the collapse load of a plate on an elastic- 
plastic soil assumptions have to made as to the best yield 
criterion to be used in the analysis. Traditionally the 
Tresca and Von Mises yield criterion have been used for the 
evaluation of the yielding of metals. However, these models 
have shortcomings for modelling the behaviour of real soils. 
In particular these two models have yield criterion which are 
independent of the mean stress. Formulations that allow for 
the stress level dependency of the yield stress have been 
developed in the form of the Drucker-Prager and Mohr-Coulomb 
yield criterion. The Mohr-Coulomb criterion is probably the 
most widely accepted as the more accurate of all of these 
solutions for general soil mechanics problems (Bishop, 1966). 
All the elastic-plastic models available within CRISP make use 
of an associated flow rule. However, the use of an associated 
flow rule has serious implications when using the Mohr-Coulomb 
criterion for finite element analysis of undrained 
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axisymmetric problems (Zienkiewicz et al., 1978). The problem 
essentially is that the associated flow rule implies excessive 
dilation on shearing at the yield surface. This results in a 
reduction in the pore pressure and consequently an increase in 
shear strength with mean effective stress. The soil 
effectively strain-hardens and because the model is not capped 
with a yield surface about the mean stress axis the soil 
strength continuously increases. The net result is a plate 
load-settlement curve that exhibits continual growth of the 
applied load. 
To overcome this problem it has been proposed that a non- 
associated flow rule be adopted. The use of a non-associated 
flow rule is beyond the scope of this present study. In 
keeping with many of the previous investigations using the 
finite element method for undrained loading of foundations on 
clay soils the Tresca yield criterion has been adopted for 
this study. One short coming of this model is the possibility 
that the 'soil' could pass into the negative stress space at 
low values of mean effective stress. The advantage of using 
this model within this study is that it allows direct 
comparison of the results with those derived using the non- 
linear elastic perfectly plastic model, which also 
incorporates the Tresca criterion. 
3.2.3 Non-linear elastic perfectly plastic analysis 
The non-linear elastic perfectly plastic model (Gunn, 
unpublished) used within CRISP is not documented either in the 
programming manual or by Britto and Gunn (1987). For this 
reason a slightly more detailed description of the model is 
given here. 
The model essentially equates the elastic shear strain, E, 
within the soil to the shear stress, a, by the power law 
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Q=h Ei (3.1) 
a graphical representation of the model is given in Fig. 3.3. 
Six parameters are required to fully define the model: 
h= constant, units of stiffness kN/m' 
i= power law exponent, O<i<l; i=1 equates to a linear 
elastic soil 
Cu(z. ) = undrained shear strength specified at depth z, 
z. = depth at which undrained shear strength specified 
p, = Poisson's ratio 
Aa = gradient of increase of strength with depth 
The model allows for a linear increase of strength with depth. 
In order to maintain a sensible ratio of stiffness to strength 
the ratio h/Cu is maintained as a material constant, 
effectively defining a linear increase of stiffness (at a 
given strain level) with depth. The strain used in the 
calculation of the stiffness equation is defined as the strain 
invariant e, 
E= 21 r( (EY -C V)2 f 
(Cy - c1)2 f (E_ - EY)= f 0.75 äxv2 
3J 2 
This expression conveniently equates to the vertical strain 
within the triaxial test; the stress term a at failure is 
similarly related to the shear strength by: 
Qlailure =2 Cu 
The analysis proceeds with the evaluation of the stiffness 
parameters of the soil based on the current strain level. The 
analysis uses the tangent stiffness of the soil derived from 
the slope of the curve given by Eq. 3.1. The tangent modulus 
being defined as: 
Et =hi Es'1 
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where upon the shear modulus of the soil is automatically 
calculated as Et/3 (the analysis is specifically designed for 
undrained analysis only). However, as the strains tend to 
zero, or at the beginning of an analysis when the initial 
strains are zero, the modulus of the soil tends to infinity. 
To overcome the subsequent numerical difficulties the program 
defines a threshold strain c1 below which the modulus is finite 
and constant. Hence for strains below this threshold level 
the modulus used is the secant modulus, Ems, defined as: 
Ea =hx, 1'1 for c<E1 
but at the end of each increment the stresses are corrected 
back to the original stress-strain curve. 
The model is specifically designed for monotonically 
increasing loads. It is not designed for stress path reversal 
or for cyclic loading. For this reason such loading 
conditions has been avoided when using this model within this 
study. 
The values of h and i can be derived from examination of 
triaxial test data. If the deviatoric stresses are plotted 
against the axial strain on a log-log plot then the gradient 
of the resultant curve can be equated to i and the value of h 
follows from substitution of data. Based on published small 
strain stiffness derived from local strain measurements in 
triaxial tests, Jardine et al (1984), Gunn (unpublished) 
suggests that the parameters appropriate to London Clay are 
given as: 
i=0.6 
h= 2500 kPa 
From an-examination of the rather limited small strain 
triaxial data of Yung (1987) the following parameters have 
been selected to represent Cowden Till. 
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i=0.55 
h= 1800 kPa 
Details of the derivation of these Cowden Till parameters from 
triaxial test data are given in Appendix A. 
A comparison of the secant modulus derived using these 
parameters with the triaxial results of Jardine et al. (1984) 
are given in Fig. 3.4. The data is normalised as per Jardine 
et al. with respect to the undrained shear strength (a 
representative value of shear strength of 100kPa has been 
selected for both Cowden Till and London Clay based on the 
results of large scale plate tests on these soils (Marsland, 
1971a, 1979)). This is an arbitrary scaling for the numerical 
data as the yield criterion and stiffness are independent. 
The resultant variation of stiffness for London Clay 
parameters is, however, matched reasonably well over a wide 
range of strain. 
The actual behaviour of real soil at very small strains 
(<0.001%) is difficult to assess. Speculative extrapolation 
of modulus strain curves to very small strains can suggest 
either continuously increasing stiffness or an apparent 
levelling out below a given threshold strain. In order to 
overcome the very high stiffnesses of the soil at low strains, 
the program was modified within this study such that the 
initial threshold strain, c,, is a true lower limit for 
stiffness. Thus, below this level of strain the stresses are 
not corrected back to the original power law curve. 
In order to assess the range of elastic non-linearity which is 
of importance for numerical modelling an upper threshold c., was 
also introduced into the model, above which the stiffness of 
the soil is also a constant given by (see Fig. 3.3): 
Et =h e21-1 e> e2 >> EZ 
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3.2.4 Critical state, Cam Clay analysis 
CRISP provides critical state models in the form of Cam clay 
and Modified Cam clay yield loci. These models allow for the 
influence of strain softening for overconsolidated clays and 
strain hardening for lightly and normally consolidated clays. 
The difference between the two options of the critical state 
model is principally the shape of the yield loci, as 
illustrated in Fig. 3.5. In addition the two models predict 
slightly different K. values. The significance of the 
difference in the models when modelling plate tests on 
overconsolidated soils can be practically ignored. For the 
analysis the user must specify the following critical state 
parameters 
ll ,x, M, I' , µ' or G 
which have their conventional meanings within the critical 
state framework (see Atkinson and Bransby, 1978). In 
addition, to fully define the material properties, the current 
stress state and the maximum previous mean consolidation 
pressure pa' must be specified. 
As well as giving a qualitative description of strain 
hardening and softening, the critical state models also relate 
the mean pressure and stress history of the soil to its 
strength and stiffness characteristics. The critical state 
model is accepted as being a good qualitative representation 
of the behaviour of lightly overconsolidated soils ('wet 0 of 
critical). However for overconsolidated soils ('dry' of 
critical) the match between observed and predicted behaviour 
is not so good. 
As most plate tests on clays are on overconsolidated soils it 
is important to appreciate the limitations of using these 
models for such analysis. The principle shortcoming is the 
unsatisfactory modelling of yielding in the 'Hvorslev' region 
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to the left of the critical state line. In this region 
elastic deviator stresses can occur which are significantly 
above the critical state line. This can be overcome by using 
a straight line cut off incorporating a Mohr-Coulomb yield 
criterion (this option is available within an earlier version 
of CRISP). However this model still retains the principle 
shortcoming of the Mohr-Coulomb criterion if an associated 
flow rule is adopted, as used in CRISP. The discontinuity of 
the yield surface curvature at the critical state can also 
create numerical difficulties. Further numerical difficulties 
result in the use of the tangent stiffness approach with this 
model, especially where there is strain softening and 
contraction of the yield ellipse. 
To overcome some of the potential shortcomings of the critical 
state models a further model was sought in which some of these 
problems were minimised whilst retaining the essential 
qualities of the critical state framework. The model chosen 
was that described by Naylor (1985); the details and 
implementation of Naylor's model within CRISP are described in 
the following section. 
3.3 Introduction of a new soil model into the CRISP pXggT 
In view of the apparent deficiencies of the critical state 
models, a continuous plasticity model based on Modified Cam 
clay, Naylor (1985), was found to be suitable for 
implementation within CRISP. 
The model essentially introduces a degree of plastic yield 
into the conventionally elastic behaviour when the stress 
state is within the Modified Cam clay yield ellipse. The 
closer the stress state to the 'yield surface', the greater 
the degree of plastic behaviour the element of soil exhibits. 
The net result is gradual approach to full plastic yield and a 
blurring of the conventional sharp distinction between elastic 
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and plastic behaviour. The consequence of this is a reduction 
in the peak deviatoric stresses in relation to the critical 
state stress, thus overcoming a key criticism of the 
conventional critical state model. This is illustrated in 
Fig. 3.6 in a comparison of the effective stress paths for 
undrained shearing using both the conventional modified Cam 
Clay and 'Naylor' models. 
The constitutive equations and their implementation are 
briefly described here. The modified program listings are 
given in Appendix B. The format of the description given here 
follows that of Naylor, modified to account for the 
implementation for axisymmetric analysis (Naylor describes the 
model in terms of plane strain analysis). 
3.3.1 Qualitative description of the model 
The Conventional Modified Cam Clay (MCC) yield locus is 
described by an ellipse in q vs p' stress space given by, see 
. 3.7. Fig 
q2 + M2 p12 = M2 p' p' e 
where 
q2 = 0.5 ((, - ay 
)2 +( ay - a1 )2 +( a1 -a )_ +6 7, 
y') 
p=(a+a+ a1 ) 
3 
In the conventional MCC model the soil behaviour is purely 
elastic inside the yield ellipse. Within the Naylor model as 
the stress state, point R in Fig. 3.7, approaches the yield 
surface plastic behaviour is introduced progressively. The 
model is treated as a composite of a conventional critical 
state model and an elastic spring in parallel, that is the two 
components have the same strains, see Fig. 3.8. The composite 
stiffness of the model is the sum of the two component 
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stiffnesses. The effective stress state for the critical 
state component is then defined as that at a conjugate point, 
point Q on Fig. 3.7, i. e. not at the actual composite stress, 
point R. A weighting function is then introduced which 
apportions the component stiffnesses to the composite 
stiffness, Fig. 3.8. The weighting function, w, is a variable 
dependent on how close the stress state is to the yield 
surface, i. e. w=1 equates to completely plastic behaviour and 
w=0 equates to completely elastic behaviour. For increasing 
loading (point R approaching the yield surface) the value of w 
is defined as a function of the ratio CR/CQ as given in Fig. 
3.7. Where 
w= 
(CR CQ the value of j is fixed within the program as 
keeping with the original description of the 
j=2.0 is assigned within the program. If the 
going unloading (based on a projection of the 
increment) then w is set to zero and the soil 
elastic. 
a constant. In 
model a value of 
soil is under 
preceding stress 
is then fully 
The material properties specified within this model are 
exactly the same as those required for the conventional 
critical state models, allowing for direct comparison of 
results. An advantage of this model over the conventional 
critical state solution is that, in undrained loading, the 
effective stresses within the soil can change even when the 
stress state is below the state boundary surface. This allows 
for basic qualitative modelling of cyclic loading. 
3.3.2 Mathematical description 
The implementation of the model essentially involves the 
calculation of the continuous plasticity stiffness matrix D, 
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which replaces the standard MCC plasticity matrix Dip; D. being 
used to define the purely elastic stiffness matrix. For 
axisymmetric analysis the derived matrices are 4x4. Stress 
and strain increments within the analysis are defined as Aa 
and de respectively. 
For standard associated elastic-plastic models, including MCC, 
the relationship between the incremental stresses and strains 
can be described as: 
AQ=D, p to 
in which 
D9=D. -1b bT 
B 
B=H+a"b 
and b=D. a 
H hardening parameter 
a normal vector to yield surface 
The corresponding constitutive law for the continuous 
plasticity model is: 
Au =nQ, Ac 
where Dp =(1-w)D. +w DAD 
Where D. is evaluated at the composite stress state, point R, 
and D., is evaluated from the critical state component of the 
composite stress at the conjugate point Q. Hence: 
D. 5, =D. -wbb= 
8 
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The conventional critical state model allows for expansion or 
contraction of the yield surface as the stress state traverses 
it. To allow compatible expansion or contraction the yield 
locus is adjusted by invoking the use of the critical state 
component of the stress state to obtain the critical state 
stress increment. Whence the size of the surface is adjusted 
incrementally so that: 
P'a = P'ccold + dpfa 
where dp'a =2w all D. de dQ 
8 dam 
dQ = differential of the yield function at the 
da. the conjugate point 
The conjugate point used in the analysis is not allowed to 
coincide with the origin since at this point H tends to zero 
and the yield surface shrinks to a point. This is overcome by 
shifting the conjugate point clockwise to Q', see Fig. 3.7. 
The distance QQ* is made to shrink to zero as Q approaches the 
critical state line at S. The algorithm defined by Naylor for 
this process has been used, unchanged, within this 
implementation. The conjugate point is determined in q: p' 
stress space by the geometry of the yield ellipse. The yield 
ellipse can be redefined as a sphere of radius as by replotting 
the stress state using the axes defined in Figs. 3.9a, b; where 
the axes are normalised with respect to the slope of the 
critical state line, M. The diametral plane containing the q, 
r axes and the stress point R is assumed to contain the 
conjugate point Q (section OR in Fig. 3.9b). From this 
assumption: 
CL'Q = OQQ 
Qv= 
where the superscripts Q and R denote the stresses at the 
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conjugate or composite stress state respectively. Then from 
this assumption: 
T° _ as 7R 
For axisymmetric analysis one other assumption is required in 
order to solve for all the component stresses at the conjugate 
point. The assumption adopted here is that the lode angle, 
defined as 
8=1 Sin-" 127 J, 
3 a2 
is the same at the composite and conjugate stress states, 
where J. is defined as: 
aY p T"y rYS 
J3 = 7xy ay -p rva 
r.. 7,, 
s 
as -p 
Hence with 3 equations the explicit values of a., ay and a, at 
the conjugate point can be evaluated and the terms B and b are 
derived to fully define the plasticity matrix DAD. An 
evaluation of the functioning of the model in terms of 
'triaxial' test behaviour is given in Section 4.6. 
3.4 CRISP at the University of Surrey 
Numerous versions of the program are currently in use, the 
program having been adapted and modified based on the 
individual needs and developments of different user groups. 
The version used within this study is based on the Surrey 
university versions Main4j6 and Geom4e3 (based on the 1984 
release of CRISP) for the main and geometry programs 
respectively. Initially the analyses were performed on a 
PRIME 9955 machine. At an early stage an error in the 
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compiler within the PRIMOS operating system resulted in some 
erratic non-repeatable results being produced. The probable 
cause of the errors in the analysis was traced to the code of 
the subroutine SHAPE within Main4j6 being overwritten during 
an analysis. This problem was not traced or fixed by the 
PRIME engineers and so analysis using this machine were 
abandoned. The analyses were switched to the University of 
London Computing Centre (ULCC) using the CRAY X-MP/28 machine 
in double precision. The analyses were submitted via batch, 
the output being returned to the PRIME for post-processing. 
3.4.1 Output from CRISP 
To allow for post-processing the version Main4j6 was modified 
within this study to give additional output; comprising of 
tables of stresses and strains written to post-processing 
files for specified increments. Comprehensive post-processing 
programs are available to provide a wide range of graphical 
output using these files (Woods, 1989). As most of the output 
from CRISP is superfluous to data interpretation the main 
output file was also modified to give only the information of 
interest to this study. 
To overcome the potentially lengthy post-processing time for 
each analysis only the information of direct relevance to 
plate test interpretation was identified. A program was 
written that extracted this information and processed it to 
several normalised graphs and tables in one process. This 
program took data from both the standard output files and 
additional post-processing files. A further post-processing 
program was written to read through the main output file to 
check for excessive equilibrium errors. 
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3.5 Discussion 
The potential capabilities of the CRISP finite element 
programs are very broad in terms of both the geometric and 
constitutive soil model options. In order to validate the use 
of CRISP for the modelling of the complex problem of non- 
linear soil-plate interaction the program must be tested by 
comparison of the results of analyses with established 
solutions. An initial assessment of the correct functioning 
of the various constitutive soil models can be made by 
modelling simple "triaxial elements". This procedure was used 
to identify any 'bugs' in the programs and check the 
functioning of the constitutive models. This procedure 
immediately identified a neglected numerical switch within the 
program that had not been set for anisotropic elastic 
analysis. This was 'corrected', and no other anomalies were 
found for the remaining constitutive soil models used. 
The results of testing of CRISP for the more exacting problem 
of modelling the plate test are given in Chapter 4. The 
results are generally compared against analytical benchmark 
solutions. Where appropriate analytical solutions do not 
exist, previous numerical results have been used as the 
benchmarks. Only by such validation of the program can the 
results of any subsequent analyses be critically appraised. 
This is especially true for problems of complex geometries and 
constitutive soil models for which there are no comparable 
results. 
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(a) Cubic Strain Triangle (CuST) 
p- displacements unknown 
+- pore pressures unknown 
(b) Cubic Strain Triangle with extra pore pressure 
degrees of freedom (CuST/u) 
Fig. 3.2 Graphical representation of cubic strain triangles used 
within CRISP 
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Fig. 3.3 Graphical representation of non-linear elastic 
perfectly plastic soil model within CRISP 
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Fig. 3.6 Idealised stress paths in q: p' stress space using 
Naylor's continuous plasticity model 
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Fig. 3.9 Plot of modified Cam clay yield ellipse in 
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4.0 VALIDATION OF CRISP FOR THE MODELLING OF THE PLATE TEST 
The aim of this section is to validate the use of CRISP for 
the modelling of the field plate load test by comparison of 
results from CRISP against known analytical solutions, and 
results established from previous numerical analyses. Within 
the comparison with the benchmark solutions the analyses have, 
where appropriate, been executed with material properties 
typically associated with London Clay or Cowden Till. These 
two clay soil types have been chosen because they allow 
comparison of the numerical results with a large volume of 
data available from a wide range of tests on these soils. In 
order to validate the analyses the mesh and boundary 
conditions adopted have been extensively tested, firstly with 
the simple linear elastic models, and then with progressively 
more complex soil models and test geometries. 
4.1 Development of the mesh and boundary conditions 
The basic requirement of the finite element mesh was to enable 
the analysis to model as accurately as possible the true 
stress-strain field of the 'soil' loaded by a plate. Previous 
investigations using the finite element method have opted for 
an axisymmetric mesh of square diametral half section with 
vertical and horizontal boundaries lengths of up to -10 plate 
radii, occasionally up to 14 plate radii (e. g. Woods and 
Contreras, 1987). This is consistent with analytical results 
which suggest that if the boundaries are at a distance greater 
than -10 plate radii then the solutions tend towards those of 
the elastic half space. As the semi-infinite half space is 
the required modelling option the boundaries were set at the 
conservative distance of 14 plate radii from the plate centre. 
Initial analyses indicated that if the boundaries were set at 
distances greater than 14 plate radii there was no practical 
improvement in the results. 
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Theoretically the best performance of any mesh will be for 
that with the largest number of elements. However, this 
approach carries a penalty of an increase in the computing 
time required. The computing resources available on the CRAY 
computer were limited. A balance had to be found between the 
optimum number of elements, being directly related to the 
resources requested for each analysis, and the allocation of 
computing time available on the CRAY computer. 
The starting point for the development of the mesh was the use 
of an established and proven mesh. The development then 
proceeded to improve on its apparent deficiencies. The 39 
Cubic strain Triangle (CuST) finite element mesh, shown in 
Fig. 4.1 and termed here as mesh 'SPL-07', has already been 
tested within CRISP for modelling linear elastic soil loaded 
by flexible or rigid plates (Woods and Contreras, 1988). 
Woods and Contreras found that the stress and displacement 
distributions obtained using this mesh were in good agreement 
with closed form analytical solutions. Using this mesh, the 
load-settlement response for a plate on a simple linear 
elastic medium was only -8% stiffer than the analytical 
solution. This mesh was also used by Woods and Contreras for 
down-hole plate analysis by the addition of elements above the 
plate level to simulate overburden effects. 
However, despite its apparent capabilities the mesh is 
deficient in that the loaded plate area is represented by only 
two elements in the mesh. As a large percentage of the total 
load transfer can occur near the perimeter of the plate, 
coupled with large stress gradients in this region, the mesh 
requires a higher concentration of elements under the plate 
edge. An improved concentration of elements also allows for 
more accurate modelling of progressive yielding of the soil in 
these regions at very low load factors. 
Woods and Contreras also found that the settlement of a plate 
in a deep open borehole was sensitive to the effect of a small 
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gap between the plate and the borehole sides. The mesh 
geometry used by Woods and Contreras to model this gap was 
made using elements with large aspect ratios (length: breadth). 
However, this is an area of high stress gradients. The 
inclusion of a concentration of smaller elements near the 
plate edge overcomes this unsatisfactory arrangement. 
Based on mesh SPL-07 a series of 'improved' meshes were tested 
with 3,4 and 5 elements representing the loaded plate area, 
with a general increase in the number of elements in the 
region most affected by the loaded plate. The elements were 
graded in size, with the elements becoming smaller closer to 
the plate edge. This grading was made with a view to 
restricting the maximum radial aspect ratios (distance of an 
element from the axis of symmetry: width of that element) for 
the elements closest to the plate edge (ANSYS News, 1989). It 
was found, as expected, that the greater the number of 
elements the better the agreement between analytical and 
numerical load-settlement ratios. As well as increasing the 
number of elements in the vicinity of the loaded area, it was 
found that the number of elements at a distance greater than 
three plate radii from the plate centre could be reduced 
without effecting the results. 
To test the suitability of the meshes, the resultant stress 
and displacement distributions within the soil were plotted 
and compared to the analytical results for plates on an 
elastic half space. The optimum results were found for mesh 
SPL-12, detailed in Figs. 4.2a, b, which comprised 58 CuST, 
with a maximum radial aspect ratio of elements near the plate 
edge of 80. 
It was found that if the restraints on the far boundaries were 
progressively relaxed (as illustrated in Figs. 4.3a, b, c) the 
resultant stiffness of the mesh tended to improve slightly in 
comparison with the analytical solutions. A comparison of the 
results for the over prediction of the soil stiffness from the 
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load-settlement response of a rigid plate for two of the 
meshes, and the three adopted boundary restraints, are given 
in Table 4.1. These results are consistent with those of 
Carrier and Christian (1973) and Woods and Contreras (1988), 
the best comparison of results with the analytical solutions 
being for the fixities illustrated in Fig. 4.3c. 
The mesh SPL-12 gave a net stiffness of the soil which was 
only -4% higher than that predicted by elastic theory. The 
stresses and displacements at the boundaries of the mesh are 
compared with the analytical solutions for a rigid plate in 
Figs. 4.4a, b, c, d. The results are in excellent agreement. 
The distribution of shear stresses within the soil due to a 
completely flexible, uniformly loaded footing and a completely 
rigid plate are compared with the analytical solutions in 
Figs. 4.5 and 4.6 respectively. Figs. 4.5 and 4.6 show good 
agreement between the numerical and analytical results. Small 
discrepancies between the analytical and numerical results are 
in part due to the coarse mesh used as the base for the 
contour plotting of the analytical solutions, which was due to 
problems in the solution of the analytical equations very 
close to the plate edge. 
Thus it was mesh SPL-12, with the boundary condition shown in 
Fig. 4.3c, that was adopted for all subsequent analyses 
detailed within this study. In order to maintain consistency, 
the boundary condition illustrated in Fig. 4.3c had to be 
adapted slightly for elastic-plastic analysis by the 
application of a normal stress to the far boundary as 
illustrated in Fig. 4.3d. This normal stress is required to 
maintain stability of what is, otherwise, effectively a 
vertical unsupported face of soil. 
Mesh SPL-12 was modified by the addition of elements above the 
plate level to model tests at the base of an excavation. Two 
depths to plate diameter ratios were adopted for these meshes, 
corresponding to a 'deep' and a 'shallow' depth of excavation. 
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The deep plate test mesh was selected to model a depth to 
plate diameter ratio B/D = 10. This corresponds to the 
findings of several studies that for B/D>6 the theoretical 
elastic settlement influence factors are fairly constant 
regardless of further increases in depth. Similarly bearing 
capacity factors are reasonably constant for B/D>2. The 
shallow plate mesh was selected to model B/D=l. This 
corresponds to the transition between a deep and a surface 
plate (as predicted in both elastic and bearing capacity 
theories). These meshes were adapted for modelling differing 
plate to borehole diameter ratios. Two of the representative 
meshes for deep and shallow plate tests, with plate to 
borehole diameter ratios of D/Db=0.96 (as used by the BRE in 
their field plate tests (Marsland, 1971a))), are given in 
Figs. 4.7a and 4.7b respectively. A detailed window of the 
loaded plate area is given in Fig 4.7c. Meshes of the other 
ratios of plate to borehole diameter used within the analyses 
can be found in Appendix C. 
4.2 Elastic settlement analy s 
The modelling of a rigid plate using meshes based on 'SPL-12' 
can be achieved by one of two ways. The simplest being to 
model the rigid plate by specifying uniform vertical 
displacements of the soil surface. A rough-rigid plate can 
then be modelled by specifying zero lateral displacements of 
the nodes along the 'soil-plate' interface. Alternatively the 
plate can be modelled using additional elements (rough 
interface only). As this latter approach is more costly in 
computing time, this was only used to assess the effect of 
plates of finite flexibility. In all other cases displacement 
control has been used. The details of the modelled plate are 
given in Fig. 4.8. 
In order to validate these various options, results of 
analyses using either smooth-rigid or rough-rigid displacement 
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control, or using a modelled plate (plate of high relative 
stiffness, with a uniformly applied pressure distribution), 
were compared. As a further test of the program both total 
and effective stress approaches to undrained loading were 
modelled. The soil and plate material properties used within 
the analyses are given in Table 4.2. The results showed no 
difference in whether the total or effective stress approach 
was used, at least within the accuracy of plotting as 
illustrated in Figs. 4.4 (apart from the lack of pore pressure 
output from the total stress method). As predicted from 
theoretical solutions, the smooth-rigid and rough-rigid 
displacement control give identical results for undrained 
analysis. If the analyses in which the plate was modelled 
with additional elements was performed in single precision the 
equilibrium error was found to be 68% in the vertical 
direction. The equivalent equilibrium errors for the double 
precision analyses were very low (<10'"%); this being superior 
to the single precision analyses, as was also found in a 
previous study modelling the screw plate test using CRISP 
(Vaziri, 1989). 
The modelled plate mesh was also tested against established 
solutions for plates of finite flexibility. Numerical results 
for the effect of finite plate flexibility, along with 
analytical results from thin plate theory, on the differential 
settlements of a uniformly loaded plate are given in Fig. 4.9. 
Two plate thicknesses were used in the analyses. A 'thick' 
plate (t/r=0.30, chosen to represent a BRE test using an 865mm 
diameter plate (Marsland and Eason, 1973)) and a 'thin' plate 
(t/r= 0.15, i. e. half the thickness of a BRE plate test) were 
selected for the analyses. It is immediately apparent from 
Fig. 4.9 that while overall excellent agreement was achieved, 
the thinner the plate the better the correlation with the 
results from thin plate theory. A comparison of the resultant 
contact stress distributions (t/r=0.07) with the analytical 
thin plate solutions are given in Fig. 4.10. 
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To test the mesh against thick plate theory, and for the 
influence load geometry, a plate of thickness to plate 
diameter ratio t/r=0.4 was modelled for comparison against the 
results of Selvadurai (1980). The resultant contact stress 
distributions, as given in Fig. 4.11, are seen to be 
comparatively good. However, the comparison of results is not 
as good as those obtained for a uniformly loaded 'thin' plate 
of finite flexibility or a completely rigid plate. The 
deterioration in the compatibility of the contact stresses due 
to a plate loaded over a portion of its radius could be due 
the fact that this plate area is represented by only a small 
number of elements along its top face. The results could 
possibly be improved by the use of additional elements in the 
modelling of the plate itself. Though the plate mesh is 
rather crude, consisting of 13 elements, this is a -20% 
increase on the total number of elements in the basic mesh. 
As the results achieved are considered accurate enough for 
this study, the model plate mesh was not refined any further. 
A comparison of the central settlement influence factor for 
these various analyses are given in Fig. 4.12 along with the 
results of Selvadurai. Overall the results compare very 
favourably. 
The mesh was tested further by modelling anisotropic and "non- 
homogeneous" (linear variation of stiffness with depth) soils. 
A comparison of the theoretical and numerical results for the 
settlement influence factor for cross-anisotropic soil are 
given in Fig. 4.13. While there is a deterioration in the 
compatibility of results for unrealistic bounding degrees of 
anisotropy, there is extremely good correlation over the range 
of parameters likely to be encountered in natural clay 
deposits. 
A comparison of the results for the settlement influence 
factors for "non-homogeneity" are given in Fig. 4.14a. The 
results are compared with those of Carrier and Christian 
(1973) for both undrained and drained analyses, and smooth- 
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rigid and rough-rigid plates. Both sets of data within this 
graph are in the uncorrected format as originally presented by 
Carrier and Christian (i. e. the influence factors derived do 
not account for the inherent over prediction of soil stiffness 
as modelled within the finite element analyses). In keeping 
with the results of Carrier and Christian, and other 
analytical solutions, it was found that the difference between 
a rough and smooth plate could be ignored for p. >O. 3, as 
illustrated in Fig. 4.14b. The results using CRISP were found 
to be consistently closer to the analytical bounding solutions 
than those achieved by Carrier and Christian (i. e within -4% 
compared to -11%). The small size of the error indicates that 
the modification of the settlement influence factors by a 
further correction factor (as suggested by Carrier and 
Christian) (i. e. by -4% for the results from CRISP) is 
practically unnecessary. 
The results from modelling a "Gibson" soil (Gibson, 1967) 
using mesh 'spl-12' showed close agreement between the surface 
settlement of the soil and the analytical bounding solution. 
This confirmed the equivalence of the soil behaviour, for this 
particular type of 'soil' deposit, to a Winkler spring model. 
However, despite the very low equilibrium errors obtained, 
there was a marked deterioration in the quality of the 
observed contact stress distribution between the soil and the 
'plate' for degrees of "non-homogeneity" given by E(O)/A. D<0.1. 
This is illustrated in plots of the resultant contact stress 
distributions for a completely flexible uniformly loaded plate 
with E(0)/). D=0.01 and 0.1, Fig. 4.15. The results show that 
for E(0)/A. D<O. 1 the vertical stresses at the integration 
points closest to the soil surface are inconsistently lower 
than the applied pressures. The small equilibrium error 
recorded for the analyses can then only be achieved if the 
other integration points within the elements close to the 
plate are higher than the average applied pressure. This was 
observed for the elements immediately under the plate. For 
elements further from the loaded area the stress distributions 
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were found to be smoother and more satisfactory. 
After experimentation with 'triaxial element' models it was 
found that a similar incompatibility of stresses was observed 
for values of E(0)/A. < 0.1m. Examination of the in-situ 
modulus-depth profiles of both London Clay (Marsland, 1971c) 
and Cowden Till (Marsland and Powell, 1979) suggests that a 
value of E(0)/A. D<1 is unlikely for plate tests where the 
maximum plate size is typically 1m. Thus all numerical 
results are presented with a lower limit of E(0)/A. D=0.1 
Validation of the program and meshes for down-hole plate 
analysis is much more difficult due to the lack of available 
analytical solutions. However, comparison can still be made 
with previous numerical solutions. The only approximate 
analytical solution for down-hole plates is the settlement 
influence factor and contact stress for a smooth-rigid plate 
completely occupying the base of an open borehole, on a 
drained soil, p, =0.3 (K, =0.0)(Likhovtsev, 1976). The problem 
was analysed using CRISP and the results are compared in Figs. 
4.16 and 4.17. It can be seen that the comparison of the 
settlement influence factors for a deep plate is very good, 
but there is a difference of up to -10% for depth to plate 
diameter ratios B/D<l. The overall compatibility of the 
contact stress distributions, as shown in Fig. 4.17, is also 
good. For this drained analysis the effect of adhesion is 
apparent but is still a relatively minor influence. 
Extension of the analyses to undrained loading of down-hole 
plates reaffirmed the equivalence of smooth and rough-rigid 
settlement influence factors. The resultant settlement 
influence factors for down-hole plates (plates completely 
occupying the base) in undrained loading are given in Fig. 
4.18. Included in Fig. 4.18 are the results from Woods and 
Contreras (1988) for down-hole plates using meshes based on 
the mesh SPL-07 (the results of which show, in contrast to 
analytical solutions and the results of'this present study, a 
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slight dependence on plate roughness). 
To test the validity of the down-hole mesh for excavation 
analysis, a comparison has been made with the experimental 
results (photoelastic) for a deep borehole by Galle and 
Wilhoit (1962). The mesh and boundary conditions adopted by 
Galle and Wilhoit have been modelled, as detailed in Fig. 
4.19a. A comparison of numerical and model results for the 
stress distributions below the centre of the borehole are 
given in Figs. 4.19b, c. The comparison of results is seen to 
be extremely good. 
If a gap between the plate and the borehole is considered then 
the resultant settlement influence factors for the test 
geometry compare favourably with both previous numerical and 
model studies for simple linear elastic mediums, Fig. 4.20. 
For lined boreholes, the restraint of the borehole sides is 
found to be of no practical significance for undrained elastic 
settlement analysis. 
4.3 Elastic. perfectly plastic analysis 
Most bearing capacity solutions are for rigid perfectly- 
plastic materials. This has been modelled with CRISP by the 
use of the Tresca yield criterion (following standard practice 
for finite element studies of undrained loading of clays). To 
examine the influence of the adopted mesh and boundary 
conditions, the various options available within the program 
were tested. 
The number of increments required to model failure was tested 
for a smooth-rigid plate with the different boundary options 
as detailed in Table 4.3. From Table 4.3 the ultimate bearing 
capacity is seen to be relatively insensitive to both the 
number of increments used to model failure and the adopted 
boundary conditions. For undrained analyses the results are 
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independent of the weight of the soil. In addition the 
results are also insensitive too whether the total or 
effective stress approach to undrained analysis is used, as 
would be expected. Based on these results, the use of the 
boundary conditions of Fig. 4.3d and a minimum of 250 
increments to model bearing capacity failure was adopted for 
further analyses. The ratio between the ultimate mean plate 
pressure and the shear strength can be seen to be in 
remarkable agreement with the theoretical value of 5.69 
(Section 2.3.1). 
The analyses were extended to model a rough-rigid and a 
completely flexible circular plate, and also a rough-rigid 
strip footing (plane strain condition). The load-settlement 
curves for these various models and the theoretical bearing 
capacity factors are given in Fig. 4.21. The close agreement 
with the theoretical values across the whole range of analyses 
is very good. For infinitesimal strain type analysis (i. e. no 
updating of the coordinates of the mesh nodes) the results 
have shown that each of the different plate models, with 
isotropic initial in-situ stresses, defines a unique load- 
settlement curve with the non-dimensional axes as defined in 
Fig. 4.21. 
The changes in the distribution of the stresses and 
displacements within a linear elastic perfectly plastic medium 
loaded by a rough-rigid circular plate for various load 
factors are illustrated in Figs. 4.22. The purpose of these 
figures is to illustrate the deformation and shearing process 
within the soil as it is loaded up to failure. Though no 
complete closed-form solutions exist with which these results 
can be compared, the patterns of behaviour are smoothly 
transient and are in keeping with the anticipated results. In 
particular, plastic yielding of the soil at low load factors 
is observed at the plate edge, Fig. 4.22a (the first 
integration point yields at a load factor of -0.06). This 
leads to a reduction of the peak normalised vertical stresses 
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at the plate edge Fig. 4.22b. This redistribution of stresses 
was also reflected by the stresses on the plate centreline, 
Figs. 4.22c, d, with the contact stress at the plate centre 
increasing. it was only when the loaded plate was close to 
the collapse load that the stress distributions within the 
soil tended to become more erratic as the zone of plastic 
yield extended. The displacement profiles of the soil reflect 
the increasing influence of plastic yield, Figs. 4.22e, f. 
A plot of the displacement vectors at failure (exaggerated 
scale) clearly follows a pattern similar to that expected from 
rigid plastic theory, Fig. 4.23: there appears to be a 
conical zone beneath the plate which moves vertically down 
with the plate (active failure); outside this area there is a 
radial transition zone which is adjacent to an area dominated 
by upward and horizontal displacements (passive failure). A 
comparison of the finite element displacement vectors with the 
classical slip line field is not completely valid; the finite 
element solution includes the influence of cumulative elastic- 
plastic settlements not present in the classical rigid-plastic 
solution. However, the configuration of the finite element 
failure pattern is consistent with the rigid-plastic 
predictions. 
Analyses were extended to rigid circular plates on soil with 
different K, values. Initially only gravity effects were 
considered in which the total and effective stresses were zero 
at the soil surface. In keeping with the results of Woods and 
Contreras (1988) it was found that for the conditions modelled 
(plate diameter of 0.866m and 1000<E/Cy<300 ) the in-situ 
stresses had no observable influence on the load-settlement 
curve. To reproduce the results of previous investigators, 
namely that in-situ stresses do influence the load-settlement 
curve, an artificial in-situ stress regime was established. 
in this approach the whole mesh was subjected to uniform 
pressures on the vertical and horizontal boundaries, as 
illustrated in Fig. 4.24. The in-situ stresses were specified 
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as being in equilibrium with these applied stresses. The 
resultant load-settlement curves then exhibited a dependency 
on the in-situ stress conditions in keeping with previous 
experience (Section 2.3.3), Fig. 4.25. 
The analyses described above are only for the case of 
infinitesimal strain type behaviour, in which the small 
deformations have no influence on the load-settlement 
characteristics of the plate test. To establish the validity 
of the finite strain modelling option within CRISP 
(coordinates of the mesh incrementally updated), analyses were 
performed for the plane strain condition which allows for 
comparison with existing solutions (Carter, 1977). The 
results for the finite strain analyses for the plane strain 
problem are given in Fig. 4.26. It can be seen that the load- 
settlement curves become erratic once the finite strain 
behaviour begins to dominate the analysis. It was found that 
the plate load-settlement curves were smoother for analyses 
with higher E/Cu ratios. This is due to the higher E/CU ratio 
analyses failing at lower strain levels, hence being less 
affected by the updating of the mesh coordinates. The erratic 
load-settlement curves may be associated with the approximate 
nature of the finite strain analysis; the updating of mesh 
coordinates is only a simulation of finite strain behaviour. 
In addition, the numerical problems may have been due to non- 
unique mapping of elements due to excessive distortion, as 
illustrated for idealised elements in Fig. 4.27. However, 
before this breakdown in the analyses, the influence of the 
finite strain formulation is consistent with the results of 
previous studies (Carter, 1977). 
The non-linear elastic perfectly plastic soil model (Section 
3.2.3) was used for the analysis of the bearing capacity of a 
footing on a soil whose strength increased linearly with 
depth. [The power law exponent was set as a constant, i=1; 
thus the model equated to a linear elastic perfectly plastic 
soil, but with the advantage of an ability to model a linear 
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variation of stiffness and strength with depth. ] The plane 
strain problem of a rigid footing on a soil with increasing 
strength with depth was then modelled (a comparative solution 
for axisymmetric type analysis does not exist). The results 
are compared to the equivalent analytical solution (Davis and 
Booker, 1973) in Fig. 4.28. The results of Fig. 4.28 
illustrate that even for the unrealistic lower bound value of 
C, (0)/A, D=0.1 (aE(0)/ADD=0.1) the bearing capacity influence 
factor from CRISP is only about 4% in error over the 
theoretical value. Due to the problems encountered in the 
elastic analyses, with a linear increase in stiffness with 
depth E(0)/l. D<O. 1 (section 4.2), the analyses were not 
extended to greater degrees of "non-homogeneity". This is 
reasonable as E(0)/A. D=0.1 is a likely lower bound value for 
natural clay deposits (assuming a maximum plate diameter of 
-lm). 
Down-hole plate analyses were performed for rough and smooth- 
rigid plates with depth to plate diameter ratios of 1 and 10. 
The analyses were performed for the simple case of no gap 
between the plate and boreholes sides and for the idealised 
zero gravity problem ( ab' = Q' = Q = Qb = 0). The results are 
given in terms of the bearing capacity factor Na in Table 4.4 
and can be seen to be in good agreement with theoretical 
values of Meyerhof (1951). 
It was observed that for down-hole plates the number of 
increments required to model failure adequately became 
sensitive to the test geometry, i. e. depth of excavation, gap 
between plate and borehole and presence of a borehole lining. 
If too few increments were used in the analysis then the load- 
settlement curve tended to oscillate around an apparent mean 
curve. If more increments were used then the curve became 
progressively smoother and the bearing capacity tended towards 
a lower value which was more consistent with the analytical 
solutions, for example see Fig. 4.29. 
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4.4 Non-linear elastic rerfectly plastic analysis 
It is impossible to validate completely the use of this model 
option within CRISP for plate test modelling due to the 
lack of non-linear elastic analytical solutions and also the 
lack of comparable numerical analyses. The correct 
functioning of the stress-strain relationship within. the 
program was tested by modelling 'triaxial' elements. The 
behaviour of the 'triaxial specimen' and was found to be 
within the expectations of the theoretical model. 
The general functioning of the model for the plate test 
problem has been checked by setting the power law exponent 
i=1, as described in the previous section. The resultant 
load-settlement curve was found to be identical to that 
produced by the simple elastic perfectly plastic model. This 
confirmed at least the correctness of the numerical coding. 
The analyses were performed in terms of total stresses only. 
This was due to the likely numerical difficulties that would 
arise due to the variability of the bulk modulus of the soil 
skeleton in comparison to that of the water (Woods and 
Contreras, 1988). 
The load-settlement curves derived using this model, with non- 
linear power law exponents of 0<i<l, were plotted with log-log 
scales. The resultant load-settlement curves were found to 
be linear within the elastic settlement range with gradients 
equivalent to the power law exponents used within the analyses 
(i. e l: i). This indicates that the elements of soil were 
following the specified variation of modulus with strain 
level. The complexities of the changes in stress path 
direction and principal stress re-orientation due to local 
yielding of the soil might have been -expected to alter the 
duality of the elemental and global performance of the model. 
This possible difference in behaviour was not observed in the 
load-settlement response until the load factor was typically 
greater than 0.5, i. e. the influence of plastic yield is 
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similar to that for the simple linear elastic perfectly 
plastic soil. The ultimate bearing capacity of a rigid plate 
on the surface of a rigid-plastic material was again recovered 
with a remarkable degree of accuracy. The resultant stress 
and displacement distributions, as illustrated in Figs. 4.30a- 
e (results only for elastic behaviour, i. e. load factor <0.06) 
are in keeping with the results of previous studies into the 
effects of non-linearity. In terms of stresses, the contact 
stresses were slightly more uniform with lower peaks at the 
plate edges, Fig. 4.30a. The horizontal and vertical stresses 
below the plate centre were found to be higher than for the 
linear elastic model, Figs. 4.30c, d. This is to be expected 
from the redistribution of the vertical stresses towards the 
plate centre. The soil displacements were also found to be 
more concentrated towards the plate, Figs. 4.30b, e as 
predicted in previous non-linear elastic studies (see Section 
2.17). 
On the basis of this evidence a good degree of confidence in 
the correct functioning of this particular soil model is 
justified. 
4.5 Modified can clay analysis 
As in the case of the non-linear elastic perfectly-plastic 
soil model, there are no comprehensive benchmark solutions 
against which the results of modelling the plate test using 
CRISP with cam clay type soil can be compared. The validation 
of the Modified Cam Clay (MCC) model in CRISP for modelling 
the plate test was considered in two stages, as detailed in 
the following sections: section 4.5.1 considers the elemental 
behaviour of the MCC model in the form of numerical 'triaxial' 
element tests; section 4.5.2 examines the behaviour of the MCC 
'soil' for the modelling of the plate test. 
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4.5.1 'Triaxial' element testing of the Modified Cam-clay 
model 
The correct functioning of this model in CRISP was checked by 
numerical 'triaxial' element tests. This procedure has 
highlighted some peculiarities in the functioning of this 
model within CRISP. These are principally a function of the 
ability of the yield locus to shrink, for soils sheared 
undrained dry of critical, combined with the tangent stiffness 
approach used. This is illustrated in Fig. 4.31, in which due 
to the size of increment step adopted the tangent stiffness 
approach allows the stress state to pass outside the initial 
yield locus. Rather than correcting the stress state back to 
the yield surface the analysis proceeds to the next increment 
when the yield locus is adjusted to the, current stress state. 
The 'ideal' result, achieved with finer increment steps, is 
also illustrated on the Fig. 4.31. The net result is that if 
the stress path approaches the yield locus too rapidly there 
is a possibility of 'overshooting'. The consequences of this 
are an increase in the apparent shear stress at first yield 
and an increase in the critical state shear strength. To 
avoid this the analyses must be performed with a large number 
of small increments of loading. This is especially true when 
modelling the plate test due to the high shearing stresses 
near the plate edge, even at very low load factors. 
One of the problems with a model such as Can clay is the 
relatively large number of soil parameters, the stress history 
and current stress state required to fully specify the 
material response. The significance of the inter- 
relationships of the individual parameters on 
the 
complex 
problem of soil-plate behaviour is not always obvious. Even 
with apparently simple modelling of the in-situ stress 
conditions the resultant soil is non-homogeneous with depth 
due to self weight effects. A fully exhaustive finite element 
parametric study of the Cam clay model is beyond the scope of 
this present study. 
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A further problem in the use of the standard Modified Cam clay 
analysis is due to the formulation of the constitutive 
equations. In order to model the stiffness to strength ratios 
(assuming linear elastic, perfectly plastic soil) that are 
commonly adopted for clay soils, the critical state parameters 
and the in-situ stress state must be chosen carefully. If the 
critical state parameters are fixed (as established from 
laboratory testing), the variable parameters are the Poisson's 
ratio (µ. ), the initial mean effective stress (p') and the 
preconsolidation pressure (p'0). To obtain sensible strength 
to stiffness ratios, Poisson's ratio has to be set low (µ, <0.2) 
and the mean effective stress unrealistically high (typically 
> 500kPa to achieve E/C, =500 for Cowden Till). The use of the 
projected stress history and current stress state of the soil 
to set the initial bounding parameters is likely to result in 
unrealistic soil behaviour. To overcome this the program 
allows for a specified value of the shear modulus to replace 
the Poisson's ratio as a variable, in which case the stiffness 
is mean pressure independent and constant (thus some of the 
inherent versatility of the model is lost). 
Due to the large number of combinations of soil parameters 
that could be modelled, two sets of Critical State parameters 
were chosen. These were selected to represent the behaviour 
of London Clay and Cowden Till. The details of these critical 
state parameters are given in Table 4.5. The analyses were 
then designed to model lightly, moderately and heavily 
overconsolidated soil behaviour. Details of parameters used 
for the analyses are given in Table 4.6 (to be read in 
conjunction with Table 4.5). These soil parameters were 
tested in a finite element 'triaxial' test to quantify the 
elemental behaviour of the soil. The results of these tests, 
given in Appendix D, clearly demonstrate the potential 
capabilities of CRISP to model strain softening/hardening. 
For the soil parameters and test conditions modelled the 
influence of strain softening is quite moderate, see Appendix 
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D. The analyses can be extended to model higher brittleness 
indices and H/E ratios (Section 2.4) by altering the I to x 
ratio. Thus a third set of critical state parameters were 
also used. The details of the parameters used in the analyses 
are given in Tables 4.5 and 4.6 and are referenced as the 
'Hybrid' parameters. These material properties do not 
represent any particular soil deposit, but were merely 
selected to model more pronounced strain softening for 
undrained loading 'dry of critical'. The stress-strain 
characteristic for these parameters in the 'triaxial' test are 
illustrated in Fig. 4.32. The results of Fig. 4.32 illustrate 
the potential of CRISP to model extreme degrees of strain 
softening. However, high degrees of strain softening post- 
peak are very exacting on the tangent stiffness approach and 
require more and more increments to ensure that the results 
are acceptably accurate. 
4.5.2 Modelling of the plate test on Modified Can clay 'soil' 
Initial analyses of the plate test on MCC soil highlighted a 
problem with the model when an in-situ effective stress ratio, 
K was modelled in which the mean effective stress increased 
from zero at the surface. At the surface the strength of the 
soil is zero and the yield ellipse shrinks to a point. To 
overcome this a slightly different approach to the analysis 
was adopted. This involved subjecting the whole mesh to an 
uniform external pressure which was in equilibrium with the 
internal stresses specified. Thus all the elements were at 
the same isotropic effective stress and the shear strength was 
non-zero at the soil surface, the soil was correspondingly 
homogeneous throughout the mesh. 
A study of the effectiveness of the Cam clay model within 
CRISP for the analysis of a surface footing, Potts et al. 
(1990), has highlighted some of the problems of using the 
tangent stiffness approach for such analysis. The net outcome 
133 
of the study by Potts et al. was 
increments (>500) are used there 
excessive drift from the 'ideal' 
load. Potts et al. demonstrated 
be exaggerated by the use of a f, 
near the plate edge. 
that unless large numbers of 
is the likelihood of 
solution at the ultimate 
that the problem appeared to 
iner mesh with more elements 
In view of the apparent difficulties with this soil model, a 
series of trial analyses were performed in order to establish 
the optimum number of increments and mesh refinement. The 
analyses were performed with the London Clay critical state 
(MCC) parameters (moderately overconsolidated soil parameters, 
Tables 4.5/4.6). The first series of analyses used mesh SPL- 
12 with an increasing number of increments, comprising 100, 
500 and 1000 uniform increment steps. It can be seen from the 
results presented in Fig. 4.33 that the number of increments 
has no effect on the 'elastic' settlement analysis, i. e. load 
to strength ratios q/Cu<-3-4, but has a large effect on the 
ultimate load. While it can be seen that there is little 
difference in the results in doubling of the number of 
increments from 500 to 1000, there is a marked increase in the 
ultimate load if the number of increments is reduced to 100. 
To test Potts et al's. hypothesis that a refinement in the 
mesh near the plate edges causes problems the 100 increment 
analysis was repeated with mesh SPL-07. From a comparison of 
results, Fig. 4.34, it is shown that the finer mesh gives a 
better approximation to the 'ideal' load-settlement curve. 
This difference in result with that of Potts et al. is almost 
certainly due to problems associated with zero strength at the 
soil surface, as modelled by Potts et al.. Thus a finer mesh, 
with more integration points closer to the soil surface, will 
give worse results for the unrealistic case modelled by Potts 
et al.. 
For the 1000 increment analysis the ultimate load gave a 
bearing capacity factor N. =6.31 based on the shear stress at 
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first yield. This value of NQ is increased to a value of 6.79 
based on the critical state stress and reduced to a value of 
5.97 based on the peak shear stress. These results 
demonstrate that the model is capable of following the post- 
peak contraction of the yield surface. In view of the 
problems associated with this model, caution should be used in 
the examination of the results from CRISP for the more severe 
cases of strain softening. 
The problems with CRISP for the Modified Cam clay analyses as 
demonstrated by Potts et al. is thought to be due to the zero 
mean effective stress condition that was modelled at the soil 
surface. However, large numbers of increments (and hence 
computing time) are required to model plate tests using this 
constitutive model. In view of the apparent difficulties 
associated with this particular soil model option the range 
and scope of the ensuing analyses, described in Chapter 5, 
were limited to very simple analyses of surface plates only. 
4.6 Naylor's continuous plasticity model 
This model (Naylor, 1985) was primarily developed within CRISP 
to overcome some of the shortcomings of the critical state 
framework in the form of the Modified cam clay (MCC) model 
(Section 3.3). As such the results from this model can only 
be critically examined in comparison with those derived from 
the MCC analyses. Thus the soil parameters and boundary 
conditions adopted for the MCC analyses have also been used 
for the comparative Naylor analyses. 
To check the correct functioning of this constitutive model 
the 'triaxial' element test was modelled. The details of the 
soil parameters and test conditions used in the analyses are 
given in Tables 4.5 and 4.6. Initially it was found that the 
yield surface did not contract or expand at rates compatible 
with those from identical but Modified Cam clay type analyses. 
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Thus an empirical factor was introduced within the program 
such that the final critical state stress was the similar to 
that produced by an identical analysis using the Modified Cam 
clay model. Only by such correction of the model, to produce 
a common critical stress state, could the results of the 
Modified Cam clay and 'Naylor' analyses objectively be 
compared. A comparison of the results of this model with the 
those from the MCC model can be seen in Figs. 4.35 and 4.36 
for the London Clay and Cowden Till parameters respectively. 
A further analysis modelling cyclic loading (Cowden Till 
parameters) is illustrated in Fig. 4.37. The elemental 
behaviour of the soil was encouragingly smooth in its 
transition from elastic to plastic behaviour. Correspondingly 
there was a smoothly transient pore pressure response. The 
overall patterns of behaviour were consistent with the 
expected behaviour of the soil model. 
In comparison with the MCC analyses the resultant 
stress/strain paths were found to be less sensitive to the 
number of increments used in an analysis. This could be 
expected from the 'cushioning' effects of progressive plastic 
yield as the stress state approaches the yield surface. This 
is in comparison to the sharp contrast of elastic to plastic 
behaviour due to the stress path crossing the yield surface 
for the MCC analysis. The 'Naylor' model quite clearly 
exhibits a lower ratio of peak shear stress to critical shear 
stress than that given by the MCC model. 
Another facet of this model, apparent in the 'triaxial 
element' tests, is its ability to model cyclic stress paths. 
The model assumes the element of soil is completely elastic if 
it is under going unloading, i. e. the stress state moves away 
from the yield surface. To assess whether the soil is 
unloading or loading the stress path from the previous 
increment in extrapolated to the current increment. If the 
unloading increment is too large then the influence of plastic 
yielding may dominate the behaviour when the element is in 
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fact supposed to be elastic. Thus if an unloading loop is 
specified then, ideally, the magnitude of the load increments 
over which this occurs should be made very small in comparison 
to the standard increment size used within the analysis. 
It was also found that, in spite of the gradual reduction of 
the size of the yield surface as the stress state approaches 
the yield locus, it was still possible for the stress path to 
reach the yield surface before it had reached the critical 
state. Thus strain softening of the soil could still occur. 
Hence, in terms of the stress increments the stress path 
vector in q: p' stress space could be interpreted as elastic 
unloading. This was overcome numerically by coding in several 
IF statements within the program as detailed in the program 
listing given in Appendix B. 
Thus on an elemental level the implementation of the model 
within CRISP appeared successful. 
4.7 Consolidation analysis 
The results from CRISP for the modelling of the consolidation 
of soil loaded by a surface plate have been compared to the 
analytical benchmark solutions for plates on elastic soil. 
Details of the soil and plate material properties used within 
the following analyses are given in Table 4.7. 
In order to model the consolidation of a loaded plate the 
plate has to be physically modelled within the mesh. If 
displacement control 'loading' is used, the displacement of 
the loaded area is constant and the load on the plate reduces 
to its drained load-settlement ratio as the pore pressures 
under the plate dissipate. The modelling of the plate by the 
use of additional elements forces the constraint of a 
completely rough interface on the analysis. [Slip elements 
have been developed within CRISP but only for plane strain 
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conditions. ] The analytical solutions, against which the 
results of CRISP were compared, take no account of the 
roughness of the soil-plate interface. This may account for 
some of the discrepancies between the results obtained using 
CRISP and the analytical solutions. 
The boundary conditions adopted in Fig. 4.3c were used in all 
the analyses. An initial investigation showed that, with the 
mesh boundaries set at 14 plate radii from the plate centre, 
the resultant time-settlement curve was independent of the 
influence of the permeability of these far boundaries. 
The results from CRISP were tested initially against the 
simple linear elastic solutions for the bounding times of the 
initial undrained (time, t=0) and the ultimate drained (t-) 
elastic settlement. As for the undrained elastic analyses, 
detailed in section 4.2, the theoretical stiffness of the soil 
was over predicted by only -4% at both extremes of the 
consolidation analysis. 
A comparison of the time-settlement curves for a rough-rigid 
plate on an isotropic, homogeneous elastic half space against 
the analytical solution for a smooth-rigid plate are given in 
Fig. 4.38a. To check the use of the anisotropic consolidation 
option, the analyses were extended to flexible plates on an 
elastic soil with 3 differing anisotropic consolidation 
characteristics. The results are included in Fig. 4.38b. The 
comparison of results is very good over a large range of the 
time factor T. 
The time-settlement response of a loaded plate is only a 
boundary measurement of the deflection of the plate with time. 
To validate fully the simple elastic soil consolidation 
process, as modelled in CRISP, a comparison of the 
distribution and dissipation of pore pressures must also be 
made. The only solutions that exist for the distribution and 
dissipation of the pore pressures with time are for those at 
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the interface of the soil and the plate. A comparison of 
theoretical and numerical results for these pore pressures are 
given as a function of the time factor, T,, in Figs. 4.39a and 
4.39b for a completely rigid impermeable plate and a 
completely flexible plate (uniform loading) respectively. The 
comparison of results is again excellent, with only a slight 
deterioration of compatibility at the higher time factors as 
mirrored in the overall time-settlement curve. 
4.8 Discussion 
It has been demonstrated that CRISP can model many of the 
facets of soil-plate behaviour with an acceptably high degree 
of accuracy. For the more complex constitutive models, 
precautions must be taken in the analyses in order to derive 
meaningful results. Some idiosyncrasies of both the numerical 
procedures and constitutive models used within CRISP have been 
identified. As long as their influence is. critically 
appraised and accounted for, there is considerable scope for a 
detailed analysis of the influence of more complex soil 
behaviour on the interpretation of soil parameters from the 
plate test using CRISP. 
The analysis of soil parameters from the plate test can be 
conveniently broken down into the components of the elastic 
settlement, the ultimate bearing capacity and the time- 
settlement response. The interpretation of parameters from 
the test can be sensitive to assumptions and idealisations of 
the soil behaviour and test geometry. CRISP, and the finite 
element method in general, allows for isolation of individual 
influences, such as anisotropy, "non-homogeneity" and 
different test geometries. Assessment of the sensitivity of 
values of the soil parameters determined from the test to the 
various idealisations within the interpretations is thus 
possible. only by such a progressive approach can an 
objective assessment of the value of the soil parameters 
139 
derived from the plate test be assessed. While the finite 
element method can, under ideal circumstances, produce results 
unobtainable from other model or field studies it is apparent 
that precautions must be taken in the application of the 
results. This is particularly true for complex modelling 
problems with both material and geometric non-linearity. If 
the program is stretched beyond its tested, or intended, 
capabilities then the results are potentially misleading. For 
complex analyses for which there are no established solutions 
then the results can only be judged by the results of simpler 
preceding analyses. 
Based on the comprehensive testing against benchmark solutions 
detailed in this chapter, it has been shown that CRISP is 
suitable for further more-detailed investigation of soil-plate 
behaviour. The results of the analyses which followed these 
benchmark tests are detailed in Chapter 5. 
From the results detailed within this chapter (Section 4.5), 
analyses using the Modified Cam clay model were only 
considered suitable for surface plate test modelling. 
Extension of the Modified Cam Clay model to down-hole plate 
analysis would be prohibitively expensive in computing time 
given the large number of increments required for both 
excavation and plate loading. The comparative analysis using 
the continuous plasticity model have therefore also been 
restricted to surface plate analyses. 
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Mesh Boundary 
condition 
Overprediction of 
'soil' stiffness from 
a 'plate' test (%) 
Spl-07 2a 7.6 
Spl-07 2b 7.3 
Spl-07 2c 5.6 
Spl-12 2a 6.3 
Spl-12 2b 4.4 
Spl-12 2c 3.5 
Table 4.1 Overprediction of 'soil' stiffness as a function 
of mesh refinement 
soil Plate comment 
G E µ Kw Eµ Kw 
(MPa) (MPa) (MPa) (MPa) (MPa) 
15 37.5 0.25 2.5E3 --- Undrained, effective 
stress analysis 
15 45.0 0.497 0 --- Undrained, total 
stress analysis 
15 37.5 0.25 2.5E3 2.05E5 0.3 - Basic stiffness of 
steel factored to 
give a variable 
relative stiffness 
Table 4.2 Soil and plate properties used in elastic analysis 
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Boundary Number of Total or Bearing 
condition increments effective capacity 
(see Fig. 4.3) stress factor 
analysis (c. f. theory 
q/Cu = 5.69) 
a 250 effective 5.70 
a 250 total 5.70 
b 250 effective 5.70 
b 200 effective 5.75 
c 100 effective 5.80 
c 250 effective 5.70 
Table 4.3 Influence of conditions of analysis on 
the bearing capacity of a smooth-rigid plate 
Depth of plate 
(in plate diameters) 
B/D 
Rough or 
smooth rigid 
soil- late 
Bearing capacity factor 
Nc 
p 
interface CRISP Meyerhof Skempton 
(1951) (1951) 
1 Rough 9.05 8.4 7.7 
1 Smooth - - - 
10 Rough 9.85 9.34 9.0 
10 Smooth 9.50 - - 
Table 4.4 Bearing capacity factors for plates completely 
occupying the base of an open borehole 
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Critical state parameters Soil type 
represented 
k r M 
0.084 0.015 1.97 1.1 Cowden Till 
0.161 0.062 2.759 0.888 London clay 
0.084 0.062 1.97 1.1 'Hybrid' 
Table 4.5 Critical state parameters used in the analyses 
Analysis 
designation 
Critical State 
parameters 
OCR Initial mean 
stress P' 
(kPa) 
Pc' 
(kPa) 
Ko 
MCC1 1 Cowden Till 4 75 300 1 
NAYL1 
MCC2 Cowden Till 1.5 200 300 1 
MCC3 London Clay 4 200 800 1 
NAYL3 J 
MCC4 London Clay 1.5 533 80: ) 1 
MCC5 London Clay 16 50 800 1 
MCC6 London Clay 100 30 800 4 
MCC7 'Hybrid' 4 200 800 1 
Table 4.6 Details of Modified Cam Clay and Continuous Plasticity 
parameters used in the analyses 
143 
Soil Plate 
Ef µI G Kh Kv E µ0 Kh-Kv 
(MPa) (MPa) (m/s) (s/s) (MPa) (m/s) 
37.5 0.3 15 7.43E-10 7.43E-10 2.05E5 0.3 0 
37.5 0.3 15 7.43E-08 7.43E-10 2.05E5 0.3 0 
37.5 0.3 15 7.43E-12 7.43E-10 2.05E5 0.3 0 
selected to produce unit time factors T, for time increments 
modelled 
Table 4.7 Soil properties used in consolidation analyses 
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'plate' D= 865mm 
Mesh 'SPL-07 
Fig. 4.1 Finite element mesh for modelling the plate test. 39 
Cubic strain triangles (Woods and Contreras, 1987) 
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'plate' 
(a) Whole mesh 
Fig. 4.2 Refined finite element mesh used for modelling the 
plate test. 58 Cubic strain triangles (mesh 'SPL-12') 
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Fig. 4.3 Boundary conditions used in testing of finite element 
meshes for the modelling of the semi-infinite elastic 
half space. 
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(a) 'Deep' borehole plate mesh B/D=10, D/Db=0.96 
Fig. 4.7 Representative meshes for down hole plate analysis 
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(b) 'Shallow' downhole plate mesh B/D=1.0 D/D, =0.96 
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(c) Detail of loaded plate area, after excavation D/De=0.96 
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Fig. 4.8 Detail of modelled plate based on mesh ISPL-121 
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Fig. 4.22 Results of rough-rigid circular surface plate analysis 
(undrained analysis, Tresca yield) 
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Fig. 4.36 Stress and strain characteristics of continuous 
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parameters (table 4.5/4.6; undrained loading, 
moderately overconsolidated) 
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5.0 RESULTS OF FINITE ELEMENT MODELLING OF THE PLATE TEST 
Measurements from a plate load test are restricted, in the 
standard test, to those of the plate load and settlement. 
Several specialised test procedures exist in which additional 
measurements are taken in order to improve the interpretation 
of the soil behaviour. The results of modelling the plate 
test using CRISP are presented within this chapter in terms of 
the various measurements recorded during a test, and hence in 
terms of the soil parameters interpreted. The results are 
separated into measurements used in the standard or 
specialised procedures. The sections fall broadly into 
results for analysis of elastic deformation (Sections 5.1 and 
5.2), undrained shear strength (Sections 5.3 and 5.4) and 
consolidation parameters (Section 5.5). Section 5.6 presents 
the results of analyses used to examine the ranges of small 
strain behaviour which are of importance for non-linear 
modelling of the plate test. 
Throughout each of the following sections the results are 
initially presented for the simplest constitutive models used. 
These results are followed by progressively more complex 
analyses in which more realistic features of soil behaviour 
are modelled. This structure allows for objective appraisal 
of the validity of more complex analyses based on the 
progression of results from the preceding, simpler, analyses. 
In order to qualify the analyses performed, broad discussion 
of these results is made within this chapter. More detailed 
discussion of the implications of these results is made in 
Chapter 6. 
Unless specifically stated, all the results presented are for 
analyses in which the plate has been modelled as rough-rigid. 
The results of more limited analyses for smooth rigid plates 
or plates of finite flexibility are also included where 
appropriate. Within this chapter the term 'non-homogeneous' 
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specifically refers to soils in which the properties of the 
soil vary linearly with depth. 
5.1 Interpretation of the elastic modulus from the 1a to 
load-settlement curve (standard plate test) 
The interpretation of the plate load-settlement curve to 
determine the linear vertical modulus of elasticity of a soil 
using Eq. 2.2 (as used in standard practice) is examined in 
this section. 
The interpretation of the load-settlement response of a plate 
on a simple linear elastic medium is straightforward. The 
interpretation of an elastic modulus, using Eq. 2.2, is 
facilitated by the adoption of influence factors to account 
for the test geometry and material properties. For non-linear 
soil models the interpretation is more complex due to the 
influence of the soil weight, the in-situ stress state, the 
test geometry and plastic yielding. For this reason the 
results from the analyses using elastic-plastic soils are 
divided into surface and down-hole plate tests. 
5.1.1 Simple linear elastic results - rigid plates 
A significant gap within the literature for the analysis of a 
rigid plate on the surface of an ideally linear elastic medium 
is for the combined influence of 'non-homogeneity' with 
anisotropy. A series of analyses were performed to examine 
the hypothesis that the individual influence factors for 
anisotropy and 'non-homogeneity' are independent, at least for 
a range of likely bounding values of parameters for natural 
clays. To cover a complete range of material properties, 5 
degrees of 'non-homogeneity' with 12 degrees of anisotropy 
were modelled. The resultant settlement influence factors, 
I. ., along with 
the bounding values for the isotropic and 
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homogeneous cases are presented in Table 5.1 . Included in 
Table 5.1 are the equivalent settlement influence factors 
derived from the product of the individual material property 
factors, I. *I,,. It can be seen that the error in the 
analysis, by combining the individual influence factors, will 
be practically small (i. e <-10%) for the ranges of degrees of 
anisotropy and 'non-homogeneity' expected in the field. 
The limited existing results of analyses of plates at the base 
of an open borehole (and also for Embedded plates) tend to 
suggest the settlement influence factors for geometry and 
anisotropy are also independent (Section 2.2.3). This has 
been tested for a plate at the base of a deep borehole (depth 
to plate diameter ratio B/D=10). Two cases were studied, that 
for a plate which completely occupies the base of the borehole 
(D/Db=1.0) and that for which the ratio of the plate to 
borehole diameter D/Db 0.96 . The results for the settlement 
influence factors for the combined effects of test geometry 
and anisotropy (I9,,, ) are given in Table 5.2. Included for 
comparison in Table 5.2 are the products of the individual 
influence factors (I9*I, ) for test geometry (Iq) and material 
anisotropy (I.,, ). The results of Table 5.2 demonstrate that, 
within the bounds of practical accuracy (i. e. <-10% error), 
the settlement influence factors can be assumed to be 
independent. 
5.1.2 Simple linear elastic analyses - plates of finite 
flexibility 
To evaluate the influence of finite plate flexibility combined 
with different loading conditions, the thick plate (t/r=0.3) 
was modelled with the load geometries as detailed in Fig. 
5.01a . The 
influence of the load distribution on the 
differential settlements can be seen in Fig. 5.01b to be 
minimal for values of relative plate stiffness K2>10 (Eq. 
2.4b). Below this value the differential settlements increase 
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significantly, especially for loading over limited portions of 
the plate area. In terms of stresses and displacements within 
the soil the effect of different load distributions for the 
limiting case of K2=10 are presented in Fig. 5.02a, b. The 
results show the dependence of the response of the soil on the 
load distribution. For K2=100 the results are virtually 
independent of the applied load distribution. The plate 
stiffness has to be reduced to K, =O. l with the load distributed 
within the inner half of the plate radius before possible 
uplift of the plate edge occurs (indicated by tensile vertical 
stresses at the plate edge). 
The worst loading case for differential settlement of a plate 
on a linear elastic soil is for a plate that completely 
occupies the base of a deep open borehole (i. e B/D>2). In 
this case the added restraint of the overburden soil increases 
the contact stresses at the plate edge and hence the 
differential settlements. To test this worst case, two plate 
thicknesses corresponding to the thin and thick plate models 
were analysed with four different loading distributions. The 
non-dimensional differential settlements are given as a 
function of the relative stiffness of the plate in Figs. 
5.03a, b. A comparison of these results with those illustrated 
in Fig. 5.01 demonstrates the increase in differential 
settlements due to the test geometry. In addition there is a 
marked difference of results in the transition from a thick to 
a thin plate. The error, due to differential plate 
settlement, in the back analysis of the stiffness of the soil 
by assuming a rigid plate are presented for the thick plate 
analyses in Table 5.3. The results in Table 5.3 are presented 
as a function of the load geometry and also as a function of 
the measurement of either the edge (S. ), centre (So) or 
'average' ( (6. +So)/2 ) plate settlement. The results show 
that if the 'average' plate settlement is measured then the 
error in the back analysis of the vertical modulus of the soil 
is practically minimal (i. e. <-10% error) for K3>10 regardless 
of the load geometry. 
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5.1.3 Non-linear analysis - surface plates 
One of the fundamental limitations of elastic theory when 
applied to soils is that, for relatively stiff plates, 
yielding of the soil near the plate edge could reasonably be 
expected to influence the resultant load-settlement curve even 
at low load factors. Load-settlement curves from linear 
elastic perfectly plastic analysis, Figs. 5.04a and b (smooth 
rigid and rough rigid respectively), demonstrate that the 
influence of plastic yield can generally be ignored for load 
factors less than 0.5. The results of analyses using the 
finite strain option in CRISP (mesh coordinates incrementally 
updated), included within Figs. 5.04, indicate that this 
option has no practical influence within the 'elastic' 
settlement range of the load-settlement curve. 
It can also be seen, from comparison of Figs. 5.04a/b, that 
the difference in results between rough and smooth rigid 
plates can be ignored in undrained analyses for ratios of load 
to 'shear strength q/C: A. 
Plastic yielding of the soil first occurred, for mesh SPL-12, 
at load factors of about -0.06 (for an initially isotropic and 
homogeneous stress state in the mesh). The zone of plastic 
flow was, however, contained for load factors less than <-0.6, 
Fig. 5.05a. It was not until the plastic zones met under the 
plate centre that the settlement rate showed a marked increase 
upon additional loading, Fig. 5.05a/b. It was this 
development of the active failure mechanism under the plate 
that rapidly altered the linear nature of the load-settlement 
response. Subsequently passive failure of the zone of soil to 
the side of the plate was observed. Only when the passive 
failure mechanism was complete did the load approach its 
ultimate value. 
The influence of plastic yield on the interpretation of the 
linear elastic modulus of the soil from'the load-settlement 
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curve, for an elastic-perfectly plastic soil model, has been 
presented in Fig. 5.06a. The results of Fig. 5.06a illustrate 
the sensitivity of the results to the initial in-situ stress 
state. The results for the influence of plastic yield using 
the Modified Cam Clay and the continuous plasticity models are 
given in Fig. 5.06b (details of the stress-strain 
characteristics of the soil for these tests are given in 
Chapter 4, Sections 4.5 and 4.6). All the results demonstrate 
that the influence of plastic yield on the interpretation of 
the elastic modulus from the plate load-settlement curve is 
practically minimal (i. e <5% error) for the conventional range 
of 'elastic settlement' (load factor q/qat< 1/3). 
The analyses detailed so far have been for soil models in 
which the elastic behaviour was linear. Most soils are 
recognised as being non-linear at small strains (Jardine et 
al., 1986). The results obtained using the non-linear elastic 
perfectly plastic soil model in CRISP have also been examined 
with respect to the influence of plastic yield on the load- 
settlement curve. This model was used with the soil 
parameters appropriate to London Clay and Cowden Till (see 
Section 4.4). Additional parameters were also used to model a 
transition from linear elastic to non-linear elastic 
behaviour. 
The load-settlement curves from these non-linear elastic 
perfectly plastic analyses can be conveniently examined as 
log-log plots. In this format the non-linearity due to the 
elastic or plastic behaviour is more readily distinguishable. 
As noted in Chapter 4 the slopes of the load-settlement curves 
in the log-log plots were equivalent to the non-linear power 
law exponent specified in the analysis, as illustrated in Fig. 
5.07. The curves within Fig. 5.07 are normalised along the x- 
axis by the elastic constant "h' and the shear strength, Cu, 
raised to the reciprocal of the non-linear power law exponent, 
J. Included on Fig. 5.07 is the curve from a linear elastic 
perfectly plastic analysis. 
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Due to the linear nature of the log-log plots at low load 
factors it is possible to fit an 'ideal' straight line through 
the data (slope 1: i) to assess the influence of plastic yield. 
The resultant 'error' in the evaluation of the vertical 
modulus of elasticity due to plastic yield can then be derived 
from the deviation of the actual curve from this 'ideal' 
curve. The result, in comparison with the linear elastic 
perfectly plastic analysis, is that the non-linearity reduces 
the influence of plastic yielding over the 'elastic' range of 
the load-settlement curve, Fig. 5.08. This result can be 
attributed to the influence of elastic non-linearity on the 
stress distributions within the soil: the non-linearity 
reduces the stress concentration at the plate edge. This in 
turn makes the plate settlement response less sensitive to the 
effects of stress redistribution (due to plastic yielding) at 
the plate edge at low load factors (see also Chapter 4, Fig. 
4.30). 
As for the linear elastic perfectly plastic model results, the 
influence of modelling finite strain behaviour is practically 
negligible-for the elastic portion of the plate load- 
settlement curve. This is illustrated in Fig. 5.09 for the 
results of the analyses modelling smooth rigid plates. 
The non-linear elastic perfectly plastic model was also used 
with the option of modelling the soil with a linear increase 
of both stiffness and strength with depth. Analyses were 
performed to test the hypothesis that the linear elastic 
settlement influence factors for this type of 'non- 
homogeneity' could be applied to the non-linear elastic 
results. From the results of the analyses, it was found that 
the non-linearity could be conveniently separated from the 
effects of 'non-homogeneity' by using non-dimensional log-log 
plots of load versus settlement. The results for the analyses 
are presented in Figs. 5.10. Fig. 5.10a illustrates the 
overall influence of 'non-homogeneity' on the load-settlement 
curve; Fig. 5.10b shows similar results for a different degree 
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of non-linearity but in greater detail at lower load factors. 
The influence of 'non-homogeneity' can be taken as the 
horizontal translation of the curves from the homogeneous 
solution. The magnitude of the translation vector can then be 
equated to the settlement influence factor for plates loaded 
to the same load intensity on 'non-homogeneous' soils. The 
resultant settlement influence factors for 'non-homogeneity' 
derived from both the linear elastic and non-linear elastic 
analyses are compared in Table 5.4. The results from Table 
5.4 show that the settlement influence factors for this type 
of 'non-homogeneity' are practically the same (-<5%) and 
independent of the stress-strain relationship of the soil 
modelled. 
5.1.4 Non-linear analysis - down-hole plates 
The modelling of down-hole plate tests is more involved than. 
for surface tests due to the increased complexity of the test 
geometry and the increased significance of self-weight effects 
and in-situ stress conditions. A staged approach was used to 
examine the various influences. Initially analyses were 
performed for the simplified case of zero gravity, 
subsequently (and more realistically) gravity effects were 
included. These results were extended by a limited series of 
analyses to plates in lined boreholes. 
The first series of analyses were performed for the idealised 
zero weight problem, i. e only the influence of the test 
geometry was examined. As for the surface plate analyses the 
E/CU ratio was varied and the resultant curves could be 
normalised to unique curves dependent only on the test 
geometry. The load range, expressed in terms of the load 
factor, over which the load-settlement response was 'linear' 
was found to be reduced in comparison with the surface plate 
analyses and was sensitive to the test geometry. The error in 
the evaluation of the vertical linear elastic secant modulus, 
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due to plastic yielding, as a function of the load factor is 
presented in Fig. 5.11. The results of Fig. 5.11 show that 
the effect of plastic yielding is more pronounced at lower 
load factors for plates with smaller gaps to the edge of the 
borehole. This is due to the increased restraint of these 
geometries leading to more rapid influence of plastic yield at 
the plate edge. 
To test the influence of plate flexibility and load geometry, 
whilst allowing for yielding of the soil, a series of thick 
plate (t/r=0.3) analyses were performed. The influence of 
plastic yield on the non-dimensional differential settlement 
of the plate is given in Fig. 5.12 as a function of the load 
factor and relative plate stiffness. The results from linear 
elastic analyses are also included in Fig. 5.12. The results 
of Fig. 5.12 clearly illustrate the influence of plastic yield 
on the apparent relative plate stiffness with increasing 
loads. These results give greater confidence in the use of 
plates of relative stiffness K, >10 for modelling effectively 
rigid plates. 
The next stage of the investigation was to introduce gravity 
and in-situ stress effects. A range of in-situ stress states 
with bounding values 2<Ko<0.5 were modelled (0.538 being the 
theoretical value of Cowden Till based on the critical state 
parameters; 2.0 being used to represent over consolidated 
soils). The elements representing the borehole were 
'excavated' over a single increment block of up to 50 
increments. This was found to be appropriate as the soil 
response was practically insensitive to any further increases 
in the number of increments used to model the excavation 
sequence. 
The effect of excavation was to shear the soil at the base of 
the borehole towards passive failure. The extent of the zone 
of plastic yield, on completion of the excavation sequence, 
depended on the initial in-situ stresses and the undrained 
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shear strength. This is illustrated for a range-of excavation 
analyses detailed in Figs. 5.13. The resultant load- 
settlement curves for these initial conditions are illustrated 
in Fig. 5.14. It is immediately apparent from Fig. 5.14 
that, even for lightly overconsolidated soil with Ko<l, the 
effect of the weight of the overburden soil is to increase the 
elastic range of the load-settlement curve in comparison with 
the zero gravity analyses. The load-settlement curves are, 
however, more 'brittle' than for the zero gravity analyses at 
the approach to the ultimate load. The mechanism of this 
change in behaviour is explained by the changes in the size of 
the yielded zone around the base of the borehole during the 
excavation and reloading, Fig. 5.15. Upon reloading, the 
sheared soil underneath the plate undergoes stress reversal 
from the initial 'passive' failure through to 'active' 
failure, with a correspondingly larger range of elastic 
behaviour. The increase in brittleness is due to the soil 
adjacent to the sides of the plate being closer to shear 
failure as the component of the failure mechanism underneath 
the plate is completed. The increase in the elastic range is 
a function of the initial shear stress state and the soil 
weight. The modelling of soil weight being the most 
significant effect, with the absolute value of in-situ stress 
ratio K. being of secondary importance. A reliable elastic 
modulus interpreted from the load-settlement curve can 
therefore be derived from higher load factors than from the 
results derived from the zero gravity analyses. 
The load-settlement curves for the condition of Ko=1.0 with 
different test geometries are given in Fig. 5.16. The 
'elastic' load-settlement curves in Fig. 5.16 are offset from 
one another on the X-axis by the geometry settlement influence 
factor. This is more clearly illustrated using a log-log plot 
of load versus settlement as illustrated in Fig. 5.17. At low 
load factors these settlement influence factors correspond to 
those from the simple linear elastic solutions as given in 
Fig. 4.20, Chapter 4. As the load factor increases the 
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uniformity of the settlement influence factors deteriorate 
slightly. The error in the evaluation of the linear elastic 
vertical modulus, allowing for the geometry settlement 
influence factor, at various load factors for the different 
test configurations is given in Fig. 5.18. 
It is worthy of note that there was little significant effect 
of the plastic yielding of the soil, due to the borehole 
excavation, on the initial plate load-settlement response. 
The only tangible effect was at very low load factors, over 
which the initial load-settlement curve exhibited reverse 
curvature. This is illustrated in Fig. 5.19 for the variation 
in the secant modulus derived from the load-settlement curve 
against the load factor. The results of Fig. 5.19 demonstrate 
that the initial concavity is reversed after only very small 
load levels. 
The down-hole plate analyses were repeated using the non- 
linear elastic soil model. However, the in-situ stress option 
was not used and all analyses are in terms of 'zero' gravity. 
This approach was used to avoid any unload-reload loops for 
which this particular soil model had not been designed 
(Section 3.2.3). The stress reversal due to excavation and 
plate loading would be stretching the model beyond its 
intended capabilities. It should, however, be possible to 
extrapolate the influences of in-situ stress as observed for 
the linear elastic perfectly plastic analyses to the results 
of these analyses; namely, an increase in the elastic range 
due to the in-situ stresses and self weight effects could 
reasonably be expected. A primary objective of the non-linear 
analyses was to establish whether the linear elastic geometry 
settlement influence factors could be applied to the non- 
linear analysis, albeit with stress/strain level dependency. 
As before, the influence of plastic yield, elastic non- 
linearity and test geometry may be examined separately by 
using the non-dimensional log-log load-settlement curves as 
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previously described. The load-settlement curves for a range 
of test geometries are presented in Fig. 5.20a. The results 
of Fig. 5.20a show that the individual curves tend to merge at 
higher load factors, as observed for the zero gravity linear 
elastic perfectly plastic analyses. The initial portion of 
the curves, which were predominantly elastic in response, see 
Fig. 5.20b, can then be transposed horizontally by the 
geometry settlement influence factors. A comparison of these 
influence factors with those derived from linear elastic 
analyses is presented in Table 5.5. The results in Table 5.5 
show that the geometry settlement influence factors from 
linear elastic analyses can be applied to non-linear soils 
without too great an error (i. e. <10% error). 
5.2 Elastic analysis. interpretation of specialised test 
procedures 
The specialised test procedures essentially fall into two 
distinct categories. The first assumes the soil is linear 
elastic, in which case the modified test attempts to improve 
the interpretation of the soil characteristics by the 
determination of the variation of the soil stiffness with 
depth (assumed to be a linear variation). The second 
identifies the soil as being non-linear elastic and attempts 
to assess the modulus-strain dependency from measurements of 
settlement within the soil. 
This section examines the effects of modelling different soil 
and plate characteristics on the additional measurements. The 
purpose of the analyses was to explore the possibility of 
'aliasing', in which different combinations of model options 
may produce similar boundary responses. This can lead to 
uncertainty in the value of the parameters interpreted from 
these boundary measurements, as discussed further in Chapter 
6. 
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5.2.1 Determination of the variation of soil stiffness 
with depth 
A direct method of determining the variation of stiffness of 
the soil with depth (assuming the simplest case of a linear 
variation) is to evaluate the load-settlement ratio dependency 
on the plate size. Multiple tests with plates of different 
diameters can be expensive, other methods that use additional 
measurements from a single plate test are sometimes, 
therefore, considered more efficient. 
5.2.1.1 Rowe's method 
Rowe (1982) suggested that a measured profile of soil 
settlement below the plate centre could be matched against 
theoretical profiles to determine the variation of the soil 
stiffness with depth (assumed to be a linear variation). For 
the analysis the soil is assumed to be isotropic and linear 
elastic, and the plate perfectly rigid. The displacement 
profiles of the soil below the centre of a rigid plate derived 
in this study, for the idealised linear elastic isotropic soil 
with various degrees of 'non-homogeneity', are given in Fig. 
5.21a. The results of Fig. 5.21a show that the effect of 
'non-homogeneity' is to concentrate the settlements closer to 
the underside of the plate. These settlement profiles have, 
however, been found to be sensitive to other influences of the 
soil and plate characteristics, examples are given in the 
following Figures: 
Fig. 5.21b influence 
loaded ply 
Fig. 5.21c influence 
stiffness 
Fig. 5.21d influence 
plate) 
of plate flexibility (uniformly 
ate) 
of load geometry (relative plate 
K2=10) 
of elastic non-linearity (rigid 
In addition, as demonstrated in Chapter 4, Fig. 4.22e, the 
onset of plastic yielding also produces a concentration of 
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settlements at the under side of the plate. But this effect 
can generally be ignored for load factors less than ~0.6. For 
plates modelled with finite flexibility with K, >10 (t/r=0.3) 
and with any load distribution, the results were practically 
the same as for a perfectly rigid plate. The settlement 
profile below the plate centre was found to be only slightly 
influenced by the-test geometry. 
5.2.1.2 Rocha Filho's method 
Rocha Filho et al. (1987) suggested using the settlement 
profile of the soil surface adjacent to the plate to determine 
the 'non-homogeneity' of the soil. The settlement profiles 
for various degrees of 'non-homogeneity' derived using CRISP 
are presented in Fig. 5.22a. The results of Fig. 5.22a show 
that the effect of 'non-homogeneity' is to concentrate the 
settlements closer to the plate edge. These settlement 
profiles have, however, been found to be sensitive to other 
aspects of the soil and plate characteristics; examples are 
given in the following Figures: 
Fig. 5.22b influence 
loaded ply 
Fig. 5.22c influence 
stiffness 
Fig. 5.22d influence 
plate) 
of plate flexibility (uniformly 
ate) 
of load geometry (relative plate 
K2 = 10) 
of elastic non-linearity (rigid 
For plates modelled with finite flexibility with K2>10 
(t/r=0.3) and with any load distribution, the results-were 
practically the same as for a perfectly rigid plate. The 
influence of plastic yielding of the soil, as illustrated in 
Fig. 4.22f, is practically insignificant for load factors less 
than 0.3. 
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5.2.2 Determination of small strain stiffness 
The ability to interpret the small strain stiffness of a soil 
from the plate test would greatly enhance its role for field 
investigation of soil behaviour. The method of 
interpretation, as described in Section 2.1.7.1, is based on 
an assumed variation of deviatoric stresses below the plate 
centre. These deviatoric stresses are usually obtained from 
linear-elastic theory, derived from analytical solutions for 
surface plates or from finite element analyses for more 
complex test geometries. 
The results of the analyses performed in this study were used 
to test the hypothesis that this method is relatively 
insensitive to the assumption of idealised linear elastic 
stress distributions due to a rigid loaded plate. The results 
from the analyses, as described in the previous sections, 
allow for an assessment of the effect of a range of test 
geometries and material properties on the deviator stresses 
below the plate centre; examples of which are given in the 
following Figures: 
Fig. 5.23a: effect of plate flexibility and load 
geometry 
Fig. 5.23b: influence of test geometry 
Fig. 5.23c: influence of elastic anisotropy 
Fig. 5.23d: influence of 'non-homogeneity' 
Fig. 5.23e: influence of elastic non-linearity (low 
load factors to preclude the influence of 
plastic yielding 
Fig. 5.23f: influence of test geometry and elastic 
non-linearity 
Fig. 5.23g/h: influence of plastic yielding of the soil 
The results as presented in Fig. 5.23b, c, h are the net 
stresses due to the loading of the plate only, and exclude the 
stress state after excavation. All of these results can be 
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used to determine the likely error in the evaluation of the 
vertical modulus of the soil if the simple linear elastic 
stress distributions are assumed. 
5.3 Shear strength analysis, interpretation of the load 
-settlement curve 
Most of the analyses detailed in this section are, unless 
otherwise stated, based on the use of the infinitesimal strain 
model option. The use of the finite strain analysis option in 
CRISP (coordinates of the mesh incrementally updated) was 
restricted to a limited range of analyses. This was due to 
the difficulties in producing smooth load-settlement curves 
near failure and the potential ambiguities of updating 
coordinates of elements (see Section 4.3). In addition, as 
many down-hole plates tests in clays have been performed in 
unlined boreholes (Marsland, 1971a, c) all the analyses were 
unless otherwise stated, modelled for this condition. 
5.3.1 Influence of test geometry 
The existing literature is ambiguous over whether the 
overburden pressure should be included in the equations used 
to interpret the shear strength from down-hole plate tests in 
unlined boreholes (Section 2.3.1). Some of the analyses 
described here were performed in an attempt to clarify this 
ambiguity. 
The results from deep down-hole plate analyses for unlined 
boreholes with and without initial in-situ stresses suggest 
that the soil weight has little influence on the ultimate 
load. The results from the analyses detailed in Fig. 5.14 
demonstrate that the ultimate load is insensitive to whether 
the analysis is in terms of 'zero gravity' or subject to 
overburden pressure. This result would be expected from the 
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results of Meyerhof (1951) as the stress on the equivalent 
free surface, in this case the borehole shaft, is zero. 
To test the hypothesis that the controlling influence of soil 
weight on the bearing capacity is the stress on the equivalent 
free surface, rather than the absolute value of the overburden 
pressure, additional tests were performed. The first stage 
was to model the most basic surface plate test and apply a 
uniform pressure to the free surface, see Fig. 5.24a. The 
result was that, as predicted by theory (Prandtl, 1920), the 
ultimate bearing capacity is increased by a value equal to the 
overburden pressure, Fig. 5.24b. The next stage was to model 
the down-hole plate with a lined borehole with and without 
overburden pressure, the results are presented in Fig. 5.25. 
The results of Fig. 5.25 suggest that the loads increase 
continuously with or without overburden pressure. This might 
be expected from an increase in the pressure on the 
'equivalent free surface' (i. e. the borehole lining) as the 
plate pressure increases. The effect of the overburden, in 
comparison to the zero gravity analysis, was to increase the 
elastic range of the load-settlement curve. This followed the 
pattern of behaviour established for the unlined borehole type 
analyses. 
Field and model results of plate tests (Marsland, 1972) have 
indicated a sensitivity of the bearing capacity to the 
influence of the size of the gap between the plate and the 
borehole. To test the effect of an open borehole, several 
analyses were performed with differing ratios of plate to 
borehole diameter. The resultant load-settlement curves for 
deep down-hole plates (B/D=10) tests are given in Fig. 5.16, 
results for shallow plates (B/D=1) are given in Fig. 5.26. 
The resultant bearing capacity factors Na (=q/C. ) as a function 
of the plate-to-borehole diameter ratio are presented in Table 
5.6. 
The results from non-linear elastic perfectly plastic analyses 
210 
of surface plate tests did not indicate any effect of the 
stress-strain relationship of the soil on the ultimate bearing 
capacity. For down-hole plate analyses the results showed 
that the effect of the non-linear elastic perfectly plastic 
model was to reduce, slightly, the ultimate bearing capacity 
in comparison to that achieved from the linear elastic 
perfectly plastic analyses. Not all the non-linear elastic 
analyses were taken to the full ultimate load as this was not 
the objective of using this particular model. The results 
that were obtained are included with the bearing capacity 
factors from the simple linear elastic perfectly plastic 
results in Table 5.6. 
The initial analyses using the elastic perfectly plastic soil 
model for the surface plate tests were extended to model 
finite strain type behaviour (coordinates of mesh 
incrementally updated). Analyses were performed for a range 
of E/Cu values and the resultant load-settlement curves are 
presented in Fig. 5.04a, b for smooth and rough rigid plates. 
Results from non-linear elastic, perfectly plastic analyses 
(smooth rigid plate) are given in Fig. 5.09. As for the plane 
strain analyses (described in the benchmark results of Section 
4.3), a progressive breakdown in the program at large strains 
(or at small strains for the analyses with lower ranges of E/C, 
ratios) was evident in slightly erratic load-settlement 
curves. However, as illustrated in Figs. 5.04 and 5.09, for 
the range of settlements presented the load-settlement curves 
were satisfactorily smooth. More severe breakdown in the 
results was found for down-hole analyses as illustrated in 
Fig. 5.27. 
5.3.2 Influence of a linear increase of strength with depth 
The 'non-homogeneous' perfectly plastic model option was 
tested (Section 4.3) for rigid surface strip footings, down to 
values of the degree of 'non-homogeneity' C/J. D=0.1 . The 
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results from an extension of these analyses to the 
axisymmetric surface plate case, for a range of degrees of 
'non-homogeneity', are presented in Fig. 5.28. 
5.3.3 Influence of strain softening/ hardening 
A limited series of analyses were performed using the Modified 
Cam-Clay (MCC) model to examine the influence of strain- 
softening/hardening on the ultimate bearing capacity of 
surface plates. A series of analyses were performed for the 
material properties and test conditions detailed in Table 4.5 
and 4.6, Chapter 4. The analyses were performed using the 
Cowden Till and London Clay Critical State parameters, with an 
initially isotropic stress state (uniform pressure applied to 
the whole mesh, Section 4.5.2). Two of the analyses were 
repeated using the same material parameters but using the 
continuous plasticity model of Naylor (Section 4.6) instead of 
the Modified Cam clay model. One further analysis was 
performed for an idealised representation of a natural in-situ 
stress state, approximately based on the in-situ stress 
conditions reported for London Clay at Brent (Uglow, 1989), 
see Fig. 5.29. 
The analyses were chosen to represent lightly, moderately and 
heavily overconsolidated soil behaviour, corresponding to 
overconsolidation ratios of 1.5,4.0 and 16 respectively. The 
resultant load-settlement curves are given in Figs. 5.30a-f. 
For the lightly overconsolidated soils the theoretical 
ultimate bearing capacity (in terms of the ultimate or 
critical state shear strength) is recovered with a reasonable 
degree of accuracy. 
For the moderate to heavily overconsolidated soils the 
influence of strain softening was not found to be particulary 
pronounced within the plate load-settlement curves. This 
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could be expected from the low brittleness index and H/E 
ratios (see Section 2.4) that these material properties and 
in-situ stress states exhibit within the Critical State 
models. Three of the analyses did, however, exhibit some 
strain softening in the plate load-settlement curve (Figs. 
5.30c, e, f). On this basis a preliminary exploration was made 
of the influence of finite strain modelling combined with 
strain softening for two of these cases as illustrated in 
Figs. 5.31a, b. The results from Figs. 5.31 show that true 
collapse loads are still obtainable for finite strain analyses 
even if the soil exhibits only relatively minor degrees of 
strain softening behaviour. 
As the influence of these degrees of strain softening were 
found to be relatively insignificant for the infinitesimal 
strain analyses, a further set of 'Hybrid' material properties 
were selected to model more severe strain softening behaviour 
(see Section 4.5.1). The resultant load-settlement curves for 
different E/C, (,,, xl ratios for these soil parameters are 
presented in Fig. 5.32. The infinitesimal strain load- 
settlement curve for this soil exhibits distinctly the effects 
of strain softening. The result which is of primary interest 
is that for the finite strain type analyses the load- 
settlement curve is still sensitive to the E/C ratio. It is 
shown in Fig. 5.32 that with strain softening the theoretical 
'infinitesimal strain' ultimate load may be over or 
underpredicted depending on the E/C ratio of the soil. 
Attempts to model the 'soil' with higher brittleness indices 
were complicated by the difficulties associated with the 
tangent stiffness approach, as used within CRISP, for strain- 
softening behaviour (see Section 4.5). For higher degrees of 
brittleness the analyses became over sensitive to the number 
of increments required to model adequately failure. Thus 
results derived from analyses with even greater degrees of 
brittleness are not presented as they were thought to be too 
unreliable. 
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The results derived using the continuous plasticity model were 
consistent with the intended characteristics of the model. A 
comparison of the load-settlement characteristics for the 
Modified Cam Clay and continuous plasticity models are given 
in Figs. 5.33a/b. The plate load-settlement curves derived 
from the continuous plasticity analyses reflect the smoother 
transition from elastic to plastic behaviour of the soil. The 
continuous plasticity model reduces the brittleness index of 
the soil by reducing the peak shear strength attained; while 
at the peak stress the H/E ratio becomes an ill-defined 
parameter. Thus the effects of strain softening on the load- 
settlement curves for the continuous plasticity models were 
not evident. 
5.3.4 Shear strength analysis, interpretation of specialised 
test procedures 
The interpretation of shear strength from the load-settlement 
curve is made difficult by the potential influence of a large 
range of material characteristics, as well as the physical 
constraints of the test itself. A possible alternative method 
of interpreting the shear strength is to use the measurement 
of pore pressures below the plate centre (see Section 2.3.6). 
Results from the analyses performed within this study were 
examined to check the sensitivity of this type of 
interpretation to both the material properties and test 
conditions. 
The results from the analyses of pore pressure distributions 
below the plate centre are presented in Fig. 5.34a for the 
simplest case of a linear elastic-perfectly plastic soil with 
an initially isotropic stress state. The results in Fig. 
5.34a show that above a load factor of -0.3 there is a gradual 
change in the distribution of pore pressures within the soil 
as the plastic yielding near the plate edge redistributes the 
loading towards the centre. The excess pore pressure 
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expressed as a function of the load factor is given for a 
point at one plate radius below the plate centre in Fig. 
5.34b. Also included in Fig. 5.34b are the results from 
similar analyses but different initial in-situ stress states. 
The results clearly demonstrate that there is a change in 
gradient of the curve in Fig. 5.34b at a load factor of -0.6, 
though the exact value is dependent on the initial stress 
conditions. 
The results in Figs. 5.34, for a linear-elastic perfectly 
plastic soil loaded by a rigid surface plate, are those that 
would be typically used for the analysis of the shear strength 
from pore pressure measurements. The results of other 
analyses were then examined to study the sensitivity of the 
change in gradient of the pore pressure with load to other 
influences of material behaviour and test geometry. 
The influence of elastic non-linearity on the distribution of 
pore pressures cannot be examined directly as total stress 
parameters were adopted in the analyses using this model. The 
excess pore pressures on the plate centre can, however, be 
calculated from the change in mean stress (assuming a 
perfectly plastic soil in which the deviator stress has no 
influence on pore pressures, as modelled). To validate this 
method, the excess pore pressures calculated from the total 
stress approach have been compared with the pore pressure 
results from an effective stress undrained analysis (linear 
elastic perfectly plastic model, Ky= 100K') in Fig. 5.35. The 
results confirm the validity of this approach. The results 
from the non-linear elastic analyses (K, =1) were similarly 
processed and the results are shown in Figs. 5.36. This time 
the excess pore pressure was almost linearly proportional to 
the load factor for load factors <-0.75, after which there was 
a distinct change in the pore pressure distribution within the 
soil. This is illustrated in Fig. 5.36b for the excess pore 
pressure at one plate radius below the plate. This result is 
due to a reduced sensitivity of the stress distribution to the 
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changes of contact stresses at the plate edge, with the 
initial elastic stress distribution being more uniform than 
for the linear elastic perfectly plastic model. 
The results of using the MCC and Naylor's continuous 
plasticity model were also studied to examine the influence of 
shearing of the soil 'dry' of critical. The results of these 
analyses are presented in Figs. 5.37a, b for the general 
change in pore pressure below the plate centre. The excess 
pore pressures at a depth of one plate radius below the plate 
centre, as a function of the load factor, are given in Fig. 
5.37c. The results of Fig. 5.37c demonstrate that the MCC 
analysis still exhibits the distinct change in gradient of the 
excess pore pressure with load factor. As expected the post 
yield excess pore pressures are not as large as for the linear 
elastic perfectly plastic analyses post yield due to the 
undrained shearing of the soil 'dry' of critical. The results 
from the continuous plasticity model illustrate the effect of 
a more gradual approach to full plastic yield. The gradient 
of the excess pore pressure with load factor curves smoothly 
with no distinct change in behaviour from elastic to elastic- 
plastic behaviour. 
5.5 Consolidation analysis 
The consolidation option within CRISP has been validated for 
the analysis of surface plates on a simple linear elastic 
consolidating half-space (Section 4.7). The purpose of this 
section is to explore, briefly, the influence of modelling 
more realistic soil behaviour and test geometry on the time- 
settlement characteristics of a loaded plate. As before, the 
presentation of results follows a progression of increasing 
complexity starting with a simple linear elastic soil model. 
The first objective was to produce results for the idealised 
case of a rough rigid impermeable plate'on the surface of an 
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elastic half space in which the permeability was anisotropic. 
The results are presented in Fig. 5.38 for the degree of 
settlement versus time factor. The resultant patterns of 
behaviour are consistent with the expected results based on 
the comparable existing solutions for a perfectly flexible 
plate (Section 2.5). Results for the variation of pore 
pressure within the soil against time factor are presented for 
the isotropic soil in Fig. 5.39a, b. 
The linear elastic analyses were then extended to the case in 
which the soil is anisotropic in its elastic stress-strain 
characteristics. The analyses were performed for two degrees 
of anisotropy, one representing London Clay (Section 2.1.4) 
and the other with an upper bound degree of anisotropy, 
n=Eb/Er=3.5 . The resultant degrees of settlement versus time 
factor are given in Fig. 5.40 along with the isotropic 
solution. 
The next stage of the analysis was to introduce a degree of 
plastic yielding of the soil into the model. The primary 
purpose of this exercise was to establish the influence of a 
redistribution of the initial pore pressure within the soil 
due to plastic yield at the plate edge. For these elastic- 
plastic analyses the load on the plate was taken to half the 
ultimate load in undrained loading and then allowed to 
consolidate. The analyses were performed, initially, using a 
Tresca yield criterion. The shear strength for the Tresca 
yield criterion is, however, constant and independent of the 
mean effective stress. The effect of this idealisation was 
that, during consolidation, the soil immediately below the 
plate was sheared towards the yield surface. This was shown 
by a growth in the zone of yielded soil beneath the plate with 
time, as illustrated in Fig. 5.41. The net effect was to 
increase the apparent magnitude of elastic consolidation 
settlement as illustrated in Fig. 5.42. The results for the 
variation of pore pressure with time factor within the soil 
are given in Figs. 5.43a/b. From these figures the influence 
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of the plastic yielding can be seen by the change in the 
initial pore pressure distribution in comparison to those in 
Figs. 5.39. 
To overcome the problems associated with the Tresca yield 
criterion a further analysis was performed but using the Mohr- 
Coulomb criterion. For this analysis with moderately low load 
intensity (q/Cu=3) it was thought that the excessive dilation 
associated with this model would not be too severe an 
influence on the results. This time the zone of plastic yield 
contracted during consolidation, as would be expected from an 
increase in the shear strength of the soil with the mean 
effective stress, Fig. 5.44. The distribution of pore 
pressures within the soil against time factor for this 
analysis are illustrated in Figs. 5.45a/b. 
In a field test it would be impossible to discern the 
influence of plastic yield from the elastic consolidation 
component of the time-settlement curve. To allow comparison 
of the effect of plastic yield against the purely elastic 
results, the degrees of settlement against time (absolute time 
in seconds) for the various models have been plotted for in 
Fig. 5.46. 
One further elastic-plastic consolidation analysis was 
performed using the Modified Cam Clay soil model. This soil 
model was used to overcome some of the limitations of the 
other two yield criteria: allowing for dilation on shearing 
combined with a yield cap along the mean effective stress 
axis. In this analysis the. soil was modelled with London Clay 
critical state parameters with an overconsolidation ratio of 
16 (see Tables 4.5 and 4.6). The load on the plate was taken 
to two levels (load factors equivalent to 0.25 and 0.5) in two 
separate analyses and then allowed to consolidate. To allow 
comparison with the preceeding results the same elastic and 
consolidation parameters were used. The resultant degrees of 
settlement against time (absolute time in seconds) are 
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compared with those derived from the linear elastic analysis 
in Fig. 5.47. The pore pressure distributions within the 
soil for the analysis with the plate load taken to a load 
factor of 0.5 are given in Fig. 5.48a, b. The distribution of 
plastic yield within the soil was found to increase in extent 
on consolidation, Fig. 5.49 (load factor = 0.25). This was 
found to be due to the stress paths crossing from an 
overconsolidated elastic stress state (dry of critical) to a 
lightly overconsolidated plastic stress state (wet of 
critical). 
Having established some results for surface plates, a series 
of analyses were performed for a down-hole plate on a simple 
linear elastic medium. The primary objective was to examine 
the influence of the location of the water table and the 
influence of stress relief due to borehole excavation on the 
subsequent plate load-settlement-time curve. All the analyses 
were performed for the simple case of a deep borehole, B/D=10; 
D/Db 1.0, with an impermeable rough rigid plate. 
Initially the analyses were performed with zero gravity. This 
is the simplest case in which the effect of stress relief due 
to borehole excavation is ignored. The resultant settlement- 
time curve is then only a function of the changes of pore 
pressures due to the plate loading. The analyses were 
performed for three degrees of anisotropy of permeability, and 
the resultant degree of settlement versus time factor curves 
are given in Fig. 5.50. The results were consistent with the 
equivalent surface plate analyses; the overburden effectively 
increased the average drainage path length and hence increased 
the time to any particular degree of settlement. 
The next stage of the analysis was to introduce gravity for 
comparison with the simple zero gravity results. Four cases 
were studied: 
Case (1) As before zero gravity, i. e. effectively a 
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shallow excavation, test level significantly 
above the water table. 
Case (2) Water table at the soil surface, plate loaded 
to 300kPa (--l. 7yD) 
Case (3) Water table at plate test level, plate loaded 
to 300kpa 
Case (4) Water table at the soil surface, plate left 
unloaded, i. e. base of excavation allowed to 
heave. 
(the value of the mean plate pressure (300kPa) was selected to 
represent a plate pressure within the 'elastic settlement' 
range of a soil with an undrained shear strength C, =l00kPa, i. e 
q/Cti, =3 ) 
The resultant settlement-time curves are presented in Fig. 
5.51. Curve 5 in Fig. 5.51 represents the sum of the plate 
settlement of Case (1) and the heave of Case (4). For this 
level of applied plate loading the heave eventually 
'dominates' the settlement. The curve fora loaded plate with 
the water table at the soil surface (Case 3), Curve No. 3 Fig. 
5.51, demonstrates that there is partial compensation between 
the effects of stress relief and plate loading on the pore 
pressure distributions prior to consolidation. The results of 
Case (2) (curve 2 Fig. 5.51) demonstrates that even for the 
water table at the plate test level the change in pore 
pressure due to stress relief is still highly significant for 
the plate time-settlement characteristics. 
The results of the analyses presented so far have been for 
statically loaded plates with the soil consolidating under 
maintained loading. In order to assess the possible influence 
of consolidation of the soil on the elastic settlement or 
shear strength parameters derived from a constant rate of 
penetration test, a further series of analyses were performed. 
The Modified Cam Clay model, using the Cowden Till critical 
state parameters, was used with moderately overconsolidated 
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soil parameters (OCR = 4). The analyses were performed with a 
constant rate of penetration set at 2.5mm/minute (for a 
modelled plate of 865mm diameter, as adopted by the BRE). The 
analyses proceeded with initially low degrees of permeability 
which was then gradually increased. The load-settlement 
curves were found to be insensitive to any effects of 
consolidation for coefficients of permeability > 10'11 m/s, see 
Fig. 5.52. The permeability had to be increased to a value of 
M 10'' before the influence was significant, 'i. e. above the 
permeability expected from intact clay. 
5.6 Evaluation of the strain range of importance to numerical 
modelling 
A series of analyses were performed to examine the range of 
strain behaviour of soil that influences the plate load- 
settlement curve. The aims of this investigation were 
threefold: an assessment of the performance of the non-linear 
elastic model option in CRISP at small strain levels; an 
appreciation of the need to measure small strains in the 
laboratory; and the need to account for a range of strain 
behaviour of a soil within any numerical analysis. The 
investigation was based on the results of using the non-linear 
elastic perfectly plastic constitutive model available in 
CRISP. 
The first approach was to model the soil with the original 
format of the non-linear elastic model, i. e. the modulus tends 
to infinity as the strains tend to zero. A modified version 
of the model (see Section 3.2.3) was then used, which creates 
a true lower limit threshold strain below which the modulus is 
a constant. A range of analyses were performed with the lower 
threshold strain being gradually increased. The results of 
the small-strain/settlement behaviour of a loaded plate are 
presented in Fig. 5.53. As the lower threshold strain limit 
is increased the lower portion of the load-settlement curve 
221 
can be seen to change to a linear elastic response (slope of 
1: 1). The 'ideal' curve that would result from a continuously 
non-linear elastic soil would have a constant slope of l: i. 
It is apparent that the best fit curve to the 'ideal' curve, 
for a modulus that tends to infinity as the strain tends to 
zero, is for the analysis which specifies e, =0.0001% . For 
practical purposes the difference between a threshold strain 
of E1=0.0001% and 0.001% is minimal. 
These results show that the lower limit of the range of 
strains over which the variation of modulus should be 
determined should be of the order of 0.0001% . This lower 
limit is a function of the plate size used in the test (in 
this case D=0.865m), i. e. the strain in the soil is a function 
of the ratio S/D. To illustrate further the dependency of 
this lower limit on the plate size, the deviatoric strains 
below the plate centre line have been plotted as a non- 
dimensional ratio of the settlement: plate diameter against 
depth in Fig. 5.54a. The deviatoric strains from linear 
elastic analysis has also been included in Fig. 5.54a for 
comparison. A second scale is included on Fig. 5.54a which 
shows the equivalent strain range for a typical maximum plate 
diameter of im and a lower limit of settlement measurement of 
0.0001m. Fig. 5.54a confirms that the lower limit of the 
strain range that needs to be known in order to model 
accurately the 'ideal' plate load-settlement response is 10'' 
to 10'4x. In comparison, the deviatoric strain profile below 
the plate edge, Fig. 5.54b, demonstrates the potential upper 
range of the strains imposed within the soil at any given 
plate displacement. 
Using the modified program (Section 3.2.3), an upper limit to 
the variation of modulus with strain level was also examined. 
Using a similar methodology as for the lower strain limit, the 
analyses were performed with a gradual reduction in the upper 
threshold strain limit. The interpretation of the results 
from these analyses is complicated by the influence of plastic 
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yield in these upper strain/settlement ranges. The results 
show that if the upper threshold strain is set above the same 
value as the strain at failure for the triaxial compression 
stress-strain curve then there is no perceptible difference in 
the plate load-settlement curves. As expected, further 
reductions in the upper threshold strain clearly show the 
dependence of load-settlement curve on the modulus values 
prior to yield, as illustrated in Fig. 5.55. 
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degree of settlement influence factor for geometry 
anisotropy B/D=10 
n m D/Dti 1.0 D/Dý=0.96 
Igan Ig*Ian Igan Ig*Ian 
1.000 0.100 1.239 1.244 1.333 1.355 
2.000 0.100 1.012 1.000 1.087 1.092 
3.500 0.100 0.505 0.470 0.538 0.512 
1.000 0.400 0.667 0.677 0.717 0.737 
2.000 0.400 0.554 0.559 0.595 0.608 
3.500 0.400 0.307 0.295 0.326 0.322 
1.000 1.000 0.445 0.452 0.485 0.493 
2.000 1.000 0.374 0.379 0.406 0.413 
3.500 1.000 0.219 0.213 0.234 0.232 
1.000 10.000 0.198 0.197 0.213 0.215 
2.000 10.000 0.171 0.168 0.183 0.183 
3.500 10.000 0.117 0.109 0.122 0.119 
1.000 0.333 0.734 0.734 0.799 0.799 
isotropic 
Table 5.2 Settlement influence factors for combined geometry 
and anisotropy (down-hole plates) 
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Degree of Non-homogeneous settlement influence factor 
it y non-homogene 
E(0) Non-linear material stress-strain relationship 
1" D aa Eo. 6 aa EQ. " aa Ei. 0 
CO 1.00 1.00 1.00 
100.00 0.98 0.98 0.99 
10.00 0.90 0.89 0.90 
5.00 0.83 (not run) 0.82 
1.00 0.52 0.54 0.55 
Table 5.4 Non-homogeneous settlement influence factors for 
non-linear elastic soil 
Plate to 
borehole dia. 
ratio 
Linear 
elastic 
oa E1 
Non- 
linear 
aaE S3 
1.00 0.73 0.78 
0.96 0.79 0.86 
0.85 0.85 0.93 
0.70 0.90 0.96 
0.50 0.95 0.98 
0.33 0.98 not run 
surface 1.00 1,00 
Table 5.5" Geometry settlement influence factors for linear elastic 
and non-linear elastic soil models (B/D - 10) 
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Depth of 
excavation 
Plate to 
borehole 
Bearing capacity factor Nc 
( Nc = q/CK ) 
(in plate 
diameters) 
diameter 
ratio Smooth rigid Rough rigid 
plate plate 
0.00 - 5.70 6.10 
1.00 1.00 8.94 9.05 
1.00 0.96 7.90 8.61 
1.00 0.85 6.65 7.57 linear 
1.00 0.70 5.82 6.40 elastic 
1.00 0.50 5.70 6.10 perfectly 
plastic 
10.0 1.00 9.50 9.85 
10.0 0.96 8.85 9.40 
10.0 0.85 6.55 7.60 
10.0 0.70 5.88 6.42 
10.0 0.50 5.75 6.12 
Non-linear 
10.0 0.96 8.00 8.88 elastic 
10.0 0.50 5.70 6.08 perfectly 
plastic 
Table 5.6 Bearing capacity factor for different test geometries 
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load case (i) (ii) (iii) (iv) (v) 
Dq/D 1 0.5 point oa 
D 
Dq 
tI DZDq Juniform 
load q- mean pressure at soil-plate interface 
YAA" 
(a) loading geometry modelled 
5.0 
4.0 
differential 
settlement 
3.0 
cam a. 1 E. 
µ: ) qr 
110 
1.0 
(b) influence of load geometry on differential settlements 
Fig. 5.01 Influence of plate flexibility and load geometry on 
the differential settlements of a surface plate of 
finite flexibility (linear elastic isotropic 
homogeneous soil) 
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relative plate stiffness, K, 
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contact 
stress 
1.5 
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load case 
(see Fig. 5.01)_(v) 
(ii) (i) 
distance from plate centre Z/r 
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(a) contact stress distribution at soil-plate interface 
normalised g,, IZ;, 3i 
stress qqq 
0.0 0.2 0.4 0.6 0.8 1.0 
0.5 
1.0 
distance below 
plate centre 
in plate radii 
I 
r 1.5 
2.0 
2.5 
3. ( 
load case 
(see Fig. 
(v) 
5.01) 
ii) 
y i) 
4 
q 
II.. 
(b) distribution of stresses and pore pressures below plate centre 
Fig. 5.02 Stress distributions within soil with differing load 
geometry for a surface plate of finite flexibility, 
k, =lo (linear elastic isotropic homogeneous soil) 
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(see Fig. 5.01)\ 
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differential 
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III 
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(i) 
0.0L- 0.1 1.0 100 log scale 100.0 
relative plate stiffness K, 
(b)thick plate t-0.13, r=0.433 
Fig. 5.03 Influence of plate flexibility and load geometry on 
the differential settlements of a down-hole plate of 
finite flexibility, thick and thin plates (linear 
elastic isotropic homogeneous soil) 
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Fig. 5.04 Load-settlement curves for rigid circular plates on 
the surface of a linear elastic perfectly plastic soil 
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(a) zones of plastic yield within the soil with load factor 
1.0 
DI, 
0.6 
load factor 
( l/F. o. S ) 
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0.0' 
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settlement 6 (arbitary scale) 
(b) plate load-settlement curve in terms of load factor 
Fig. 5.05 Influence of plastic yield within a soil loaded by a 
rigid surface plate 
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% error in 
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from plate 
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(a) elastic perfectly plastic soil 
(b) strain softening and continuous plasticity soil 
Fig. 5.06 Influence of plastic yield of the soil on the value of 
the elastic modulus interpreted from a surface plate 
load-settlement curve 
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Fig. 
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Fig. 5.08 Influence of plastic yield of the soil on the value of 
the elastic modulus interpreted from a surface plate 
load-settlement curve (non-linear elastic perfectly 
plastic soil) 
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Fig. 5.09 Load-settlement curves with finite strain modelling 
(non-linear elastic perfectly plastic analyses) 
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Fig. 5.10 Influence of 'non-homogeneity' of the soil on the 
plate load-settlement curve (non-linear elastic 
perfectly plastic soil) 
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Fig. 5.11 Influence of plastic yield of the soil on the value of 
the elastic modulus interpreted from a down-hole plate 
load-settlement curve (linear elastic perfectly 
plastic soil) 
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Fig. 5.12 Influence of load geometry and plastic yield of the soil on the differential settlements of a down-hole 
plate (elastic perfectly plastic soil, Tresca yield; B/D=10/ D/Db a 1. o) 
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Fig. 5.13 Zones of plastic yield within soil after excavation of 
a deep borehole (B/Db = l0, Db=0.433m, y, = 2OkN/m') 
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Fig. 5.14 Load-settlement curves for rigid circular plates at 
the base of an open borehole (linear elastic perfectly 
plastic soil; B/D = 10, D/Db - 1.0) 
240 
X 
X 
after excavation x plate loaded 
(plate not loaded) x load factor (-1/F. o. S 
0.14 0.30 
X 
X 
X 
X 
borehole 
0.42 0.53 
0.64 
'r xxSx 
X 
xYx xýix`x 
xXx xx 
xk 
Xx 
xx x 
X 
xx xx 
X 
0.73 0.90 
x 
0.94 
xxx xx xxx 
V: {K x. x 
1[ Yxt 
xý 
41 xx x %ýx X 
xýIýpM"Yf. ýY[/YI' 
ý% xl[ iii 
Ný 
xiC i{ xxx VIk xX Yýt! ýýt xxx 
iý 
XXx x 
xxX 
%xKc 
xxxxxx x`k xXx 
4x, 
xxkx 
xX` x+týW 
xxxxx 
x 
xx 
Xxxx 
xx 
xx; X 'ex 10 xxKx 
xK 
xxKXMx 
XKxxxx It x 
xxxxxxxxxxxxK 
X 'A xxxXX It 
xu %% iif XkXXX ik K 
It It Xxxxx 
X 
xXx xXxxXxxxXXXxx 
K tr xXXx 
x Xx 
XX XXN 
%t xxx It %t xxxx yt 
X 
ft xx fi x 
Xx XX 
xxx 
xx x 
XXx it x 
if iE #* iE x# 
Fig. 5.15 Zones of plastic yield of soil at the base of deep borehole following loading with a rigid circular plate (linear elastic perfectly plastic soil; B/D = 10, D/Db 
= 1.0) 
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Fig. 5.16 Load-settlement curves for plates at the base of an 
excavation with various load geometries (linear 
elastic perfectly plastic soil; B/D = 10, K, = 1.0, 
E/C = 450) 
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Fig. 5.18 Influence of plastic yield of the soil on the value of 
the elastic modulus interpreted from a down-hole plate 
load-settlement curve for different test geometries 
(linear elastic perfectly plastic soil) 
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Fig. 5.19 Influence of initial yield of soil due to excavation 
on the subsequent plate load-settlement curve (elastic 
perfectly plastic soil; K, - 1.0, B/D = 10 , D/Db = 0.96) 
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Fig. 5.21 Displacement profiles of soil below the centre of a loaded plate. 
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Fig. 5.26 Load-settlement curves for rigid circular plates at the base of an open borehole (linear elastic perfectly 
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Fig. 5.27 Influence of finite strain modelling on down-hole 
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255 
Bearing 
capacity 
influence 
factor 
I' 
2.2 
1.9 
1.6 
1.3 
1.0 6- 
0.1 
qýt s I. N. C, (z-0 ) 
where N. - 5.70 smooth rigid plate 
N. - 6.10 rough rigid plate 
degree of 'non-homogeneity' C(0) 
Fig. 5.28 Variation of bearing capacity of a rigid surface plate 
with 'non-homogeneity" of the soil (linear elastic 
perfectly plastic soil) 
y 0.0 m 
I(, 4 
OCR - 100 
a*. - 40 kPa uý-10kPa 
Z -im 
a', (kPa)' - 10z + 10 
London Clay Critical 
State soil parameters 
1.0 10.0 log scale 100.0 
z 6. Om 
K 2.8 
OCR - 15 
. -+-a z-6. Om 
a'1-200kPa u 50kPa 
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Fig. 5.30 Load-settlement curves for rigid surface plates on Modified Cam Clay type soil (for details of analyses 
see Tables 4.5 and 4.6) 
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(b) Analysis 'MCC6' (see Tables 4.5 and 4.6 for details) 
Fig. 5.31 Influence of modelling finite strain on a plate load- 
settlement curve for soils with moderate strain 
softening characteristics (rigid surface plate, 
Modified cam clay soil) 
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Fig. 5.38 Degree of settlement vs time factor (rigid impermeable 
surface plate, linear elastic soil) 
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Fig. 5.39 Distribution of pore pressures within the soil with time (rigid impermeable surface plate, linear elastic isotropic soil) 
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(Kh = K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6.0 DISCUSSION: MODELLING THE FIELD PLATE LOAD TEST ON CLAY 
SOILS USING THE FINITE ELEMENT PROGRAM CRISP 
The discussion within this chapter is based on the results of 
Chapters 4 and 5 but also incorporates the findings of Chapter 
2. Where the results of numerical analyses have been compared 
with field data, this field data has generally been drawn from 
the comprehensive plate test data of the BRE (Section 2.6). 
Sections 6.1 and 6.2 discuss the use of the finite element 
method, in particular the program CRISP, for modelling the 
plate test. Sections 6.3,6.4 and 6.5 examine the 
interpretation of soil parameters from the plate test. 
Section 6.6, which bridges a gap between the two main topics, 
discusses the strain range of non-linear material behaviour 
that is of importance for numerical modelling. 
As in the preceding chapters, the term 'finite strain 
analysis' refers to the option available in CRISP to model the 
effects of progressive distortion of the finite element mesh 
on the stress-strain response of a model system (this is 
achieved by incremental updating of the coordinates of the 
mesh). Conversely the term 'infinitesimal strain' refers to 
small strain type analyses in which the deformation of the 
system is ignored. The solutions available within the 
literature are generally based on infinitesimal strain theory. 
Unless specifically stated the discussion refers to the 
results of infinitesimal strain analyses. The term 
'continuous plasticity model' used in this chapter refers to 
the constitutive model of Naylor (1985), as implemented within 
CRISP and detailed in the preceding chapters. The term 'non- 
homogeneous' has been used here specifically to describe soil 
models in which the soil properties vary linearly with depth. 
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6.1 The use of the finite element program CRISP for modelling 
the plate test 
This section reviews the use and performance of the finite 
element program CRISP to model the plate test. 
6.1.1 Performance of CRISP in modelling the plate test 
The sequence, development and structure of the analyses 
performed within this study were adopted to allow for 
objective assessment of the correct functioning of the 
program, and hence the reliability of the results obtained. 
The comparison of results from CRISP with the benchmark 
solutions was very good (Chapter 4), highlighting the 
capabilities of CRISP for modelling the plate test. The 
differences in results between CRISP and the available 
analytical solutions were practically trivial. 
CRISP also yielded results for down-hole plate analyses that 
were in good agreement with established experimental and 
numerical solutions. In particular, the results from CRISP 
confirmed the sensitivity of the load-settlement response of a 
plate to the effect of the plate to borehole diameter ratio. 
These results reaffirmed the need to model accurately the 
geometry of the plate test. More importantly though, these 
results highlight the versatility of the finite element method 
as an investigative tool; particulary for complex geometries 
which are too involved for simple solutions using analytical 
techniques. 
Where the analyses using CRISP have been extended to problems 
in which published results do not exist, or are limited, it 
has been shown that the patterns of behaviour could be 
expected from a progression of the results of the simpler 
preceding analyses. 
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The results of the analyses derived using versions of the 
program modified within this study have indicated successful 
implementation of these revised models; the linear elastic 
model combining anisotropy with 'non-homogeneity', the 
continuous plasticity model and the non-linear model with 
definitive threshold strains all worked within expectations. 
Thus considerable confidence in the value of the results was 
maintained. The very low equilibrium errors obtained 
throughout the analyses (performed in double precision) also 
gave confidence in the reliability of the results. 
One of the limitations-of CRISP that became apparent as the 
analyses became more complex was the large computing time and 
file space required to run elastic-plastic analyses. This was 
problematic for analyses on the ULCC (University of London 
Computing Centre) CRAY computer where there were restrictions 
on the computer resource allocation for the project. Thus 
some of the more exhaustive parametric studies that were 
originally planned, particularly for strain-softening Cam-clay 
soil, had to be curtailed. The program had to be customised 
to restrict the size of the output files in order to maintain 
workable file space on the computing system. 
6.1.2 Problems encountered in the use of CRISP 
During the early testing of CRISP on the PRIME computing 
systems it was found that for large analyses the results were 
occasionally slightly erratic (see section 3.4). The problem 
appeared also to be machine dependent, suggesting possibly a 
hardware or compiler fault. Although the problem was never 
satisfactorily resolved, this problem did not appear within 
analyses performed on the ULCC CRAY computer. This 
inconsistency emphasised the need to fully test and evaluate 
the performance of CRISP, and in general any complex software 
package, as was successfully achieved (Chapter 4). 
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The constitutive models used within CRISP behaved as expected. 
Problems that were encountered could have been predicted from 
the methods of analysis employed within CRISP; for example, 
the limitations of the tangent stiffness method when applied 
to strain softening soils (Chapter 4, Section 4.5). The 
problems of modelling strain softening using the tangent 
stiffness approach were overcome within the analyses performed 
by using large numbers of small loading increments to model a 
plate test up to failure. This approach to the analyses using 
the Cam-clay model carried a penalty of being relatively 
expensive in computing time, which proved restrictive for 
comprehensive analysis. The strain softening aspect of soil 
behaviour could be more confidently modelled by the finite 
element method if an iterative correction procedure were to be 
adopted in the tangent stiffness method (for example, Potts et 
al., 1990). The adaptation of CRISP for this purpose was 
beyond the scope of this present study. The adaptation of 
CRISP to give an iterative solution scheme could greatly 
enhance its capabilities in modelling these types of problems. 
The use of the finite strain option within CRISP also produced 
some curious results. The problem manifested itself in the 
form of an erratic load-settlement curve in the post-yield 
phase of the test. The load-settlement curve in some 
instances appeared to follow a saw-tooth pattern about a mean 
curve. Superimposed on this saw tooth pattern appeared to be 
a form of harmonic damping. These results were possibly due 
to combined corrections for geometry and plastic yield, 
resulting in successive overcorrection. The problem was most 
acute for down-hole plate analyses where the mesh geometry is 
very exacting on deformations of elements near the plate edge. 
It was found that for soils with low E/CII values the program 
would 'crash', close to failure and after a given settlement, 
irrespective of number of increments used in the analysis. 
This might be expected due to possible non-unique mapping of 
the element integration points when excessive distortion of 
the element occurs (see section 4.3). Further work is 
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required to evaluate fully all the parameters controlling the 
erratic load-settlement response. This could lead to a better 
understanding of the problem, and possibly modification of the 
program to improve confidence in the correct functioning of 
this option within CRISP. 
It was found that for surface plate analyses (Tresca yield) 
the plate load-settlement curves were relatively insensitive 
to the number of increments used in the analysis. For down- 
hole plate analyses, however, the load-settlement curves were 
more sensitive to the number of increments used (the more 
increments the smoother the load-settlement curve and the 
closer the ultimate load to that predicted from theory). In 
view of the large numbers of increments required, and the 
relatively large number of elements used in the down-hole 
meshes, these analyses were very costly in computing time. 
The problem of computing resource usage was further compounded 
by the need to refine successively larger, but identical, 
analyses in order to obtain satisfactory results. The problem 
was most acute for plates in lined boreholes, where an 
ultimate load was not reached despite the very large 
displacements modelled (ö/D-0.50). In order to model the very 
large displacements required for the lined borehole analyses, 
the 'stop-start' facility in CRISP had to be employed. 
However, due to storage space restrictions on the CRAY, the 
'stop-start' facility had to be modified so that only selected 
increments were saved and read in the 'stop-start' file. Thus 
considerable file space savings were introduced, allowing the 
lined borehole analyses to be performed with very large 
numbers of increments (>1000 increments). 
6.2 8pplicability of the finite element method for modelling 
the field plate load test 
This section is devoted to a discussion of the validity of the 
use of the finite element method for modelling the field plate 
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load test. The discussion hinges on two points of contention. 
The first is that the constraints imposed by an axisymmetric 
system when used to model a real three dimensional problem 
may, in some instances, be inappropriate. The second is that, 
despite the relative sophistication of some the constitutive 
models used, these models do not accurately represent the 
behaviour of real soils in field problems. 
6.2.1 Limitations of the use of axisymmetric analysis 
The limitations of using an axisymmetric model to represent a 
truly three dimensional problem become apparent from the 
results of modelling a plate test on both purely elastic and 
elastic-plastic soils. 
When modelling the ultimate bearing capacity of a plate test 
the use of the finite strain option appears to be a reasonably 
realistic option to adopt. The results of modelling an 
axisymmetric plate test using the finite strain option could, 
however, be a misrepresentation of most field plate tests. In 
the numerical model the plate is represented by a uniform 
rigid vertical displacement with no allowance for tilt. The 
net effect of this is to force the mechanism of failure 
downwards into 'undisturbed' soil. The loads transferred to 
the soil then extend to a much wider domain and the load on 
the plate can rise continuously. In contrast to the 
theoretical assumptions, field plate tests often allow 
rotation of the plate, which can encourage the development of 
an asymmetrical failure mechanism. 
oversimplification of the test geometry in the numerical model 
may also occur due to the likely eccentricity in position of a 
field plate within an open borehole. Given the sensitivity of 
test results to the presence of a small gap between the plate 
and the borehole, this idealisation within the numerical model 
may be of significance. 
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Hence, the results of the axisymmetric finite element models 
are a function of the constraints of the model system adopted 
and may not entirely represent the field problem. The 
constraints of modelling a purely axisymmetric system can be 
overcome by using three dimensional finite element analyses. 
However, the additional data preparation time and the 
computing resources required generally make this option 
practically limited. 
6.2.2 Applicability of constitutive soil models used within 
CRISP 
The soil models used within any numerical analysis, however 
complex, still represent an idealisation of the in-situ 
behaviour of real soil. The same boundary response of a field 
plate test can, as shown in Chapters 2 and 5, be reproduced by 
assuming many different combinations of soil characteristics. 
Thus compatibility of numerical and field plate load- 
settlement curves does not in itself prove that the soil 
characteristics are being correctly modelled. Ideally, in 
addition to the general load-settlement response of the plate, 
numerical and field test data of the stress-strain response of 
the soil under a plate must also be compared. Only by such 
comprehensive comparison of results of field and numerical 
data can any objective judgement be made as to the value and 
applicability of the latter. 
On this basis a comparison of field test results with those 
derived from CRISP was made. In the first instance the 
boundary responses of the plate load and settlement from 
numerical and field data were compared. Some field plate 
load-settlement curves (Marsland and Powell, 1979; 1980) have 
been plotted on log-log plots as illustrated in Fig. 6.1. 
Implicit in the plotting of the load-settlement curves in log- 
log format, to determine the elastic non-linearity, is the 
assumption that the stress-strain characteristics of the soil 
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will follow a power law relationship. This is a gross 
idealisation. The power law model used in this study was 
originally incorporated within CRISP for its simplicity, both 
in terms of the material properties that are required to be 
specified and the numerical coding. It is not expected that 
this model is a definitive solution to stress-strain 
relationships for all soils, or even that it can fit 
experimental data over a complete range of stresses/strains. 
Indeed the results of Chapter 5 have highlighted the 
sensitivity of a load-settlement curve to the stress-strain 
behaviour of the soil over a wide range of strains up to 
plastic yield. 
The log-log load-settlement curves in Fig. 6.1 are, however, 
approximately linear over the 'elastic' load-settlement range. 
This implies that the use of the non-linear power law model 
used within CRISP is, in this particular case, potentially 
valid. Taking the gradients of the linear portions of these 
curves over the 'elastic' settlement range as the power law 
exponent, i, yields i= 0.7 and 0.8 for London Clay and Cowden 
Till respectively. 
Additional comparison of measurements of stress and strain 
within the soil with the numerical results would allow for 
more critical examination of the value of the numerical 
solutions. Unfortunately, measurements of stresses within the 
soil under a field plate are rare within the literature and 
contradictory (see section 2.6.2). Displacement profiles of 
the soil below the plate centre are, however, available for 
comparison. 
Field measurements of soil displacements do not match those 
predicted assuming the soil is linear elastic, isotropic and 
homogeneous (Marsland and Eason, 1973; Yung, 1987; Rocha Filho 
and Romanel, 1983). The field results indicate a higher 
concentration of settlement closer to the plate. The results 
from CRISP, detailed in Chapter 5, have indicated that a 
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similar concentration of settlement could be attributed to 
effects of plate flexibility, load geometry, 'non-homogeneity' 
and elastic non-linearity. 
The influence of plate flexibility and load geometry can be 
eliminated as an influence from the BRE test results as the 
BRE plate is effectively rigid. From profiles of the 
variation in modulus with depth established for London Clay 
and Cowden Till (Marsland, 1973; Marsland and Powell, 1985) it 
is unlikely that 'non-homogeneity' of the soil is a major 
influence. The difference in the observed and predicted 
settlement profiles might then be due to non-linearity of the 
soil. Field measurements of displacements below the plate 
centre (London Clay and Cowden Till) are compared with those 
obtained from the non-linear elastic analyses in Fig. 6.2. 
Overall the soil from the field data exhibits a higher degree 
of compressibility immediately under the plate than that 
predicted from the numerical results. By matching the 
displacement curves from the field results with those obtained 
from the numerical analyses, assuming isotropic and 
homogeneous soil, an estimate of the non-linear power law 
exponent may be made. The London Clay data suggests a power 
law exponent i<0.55, while the Cowden till results suggests 
0.6<i<1.0 dependent on the load level. These values are 
generally lower than those derived from the boundary response 
of the plate load and settlement, as described above. 
Hence, in spite of the ability to mimic the load-settlement 
curve using the non-linear power law model, the non-linear 
elastic model may not be modelling faithfully the overall 
stress/strain response of the soil. 
The relatively high compressibility that is observed in 
the field data may be due to a combination of bedding errors, 
softened zone of disturbed soil (due to mechanical 
disturbance/stress relief) and closure of fissures (opened due 
to stress relief). Each of these features is likely to 
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induce, at least within the zone of influence of the plate, an 
apparent high degree of heterogeneity within the soil. The 
disturbed zone could compensate for the small strain-high 
stiffness response of the soil. This zone would then make the 
soil appear less non-linear from the load-settlement curve, 
but make the soil appear highly non-linear and/or 'non- 
homogeneous' from the settlement profile below the plate 
centre, as observed. 
The discrepancies between the numerical and field results, as 
noted above, could be due to the inadequacies of the numerical 
soil-plate model. This may be due to the fact that some 
aspect of soil/plate behaviour has not been modelled, such as 
combined non-linearity with anisotropy, or the influence of 
the soil fabric and structure. Most constitutive soil models 
are based on small scale elemental laboratory data, often 
using remoulded samples. Hence the effects of soil structure 
and fabric are generally ignored within the constitutive 
models. The result is that both the numerical models and the 
results of unrepresentative small scale element tests may be 
misleading when applied to full-scale field problems. 
The actual discrepancies between field and numerical/ 
analytical results are likely to be functions of many of the 
above influences. These influences highlight one of the 
difficulties in numerical modelling, where idealised 
constitutive soil models may not account for the bulk 
behaviour and in-situ characteristics of real soil. 
6.3 Interpretation of soil parameters from the plate load 
settlement curve 
The interpretation of a plate test load-settlement curve is 
theoretically a very uncertain method of determining soil 
parameters. Soil parameters, as conventionally measured in 
laboratory tests, are usually defined by relatively simple and 
295 
known stress and/or strain conditions imposed on samples of 
the soil. In contrast the load-settlement response of a plate 
test is the resultant integration of many complex and 
different (in both magnitude and direction) stress and strain 
paths within the soil. As real soil behaviour is governed by 
the stress and strain conditions imposed and the magnitude and 
direction of these, the determination of conventional soil 
parameters from the plate test appears, at best, uncertain. 
Further uncertainty in the value of the test derives from the 
fact that the same boundary response, of the plate load and 
settlement, may be produced by many different combinations of 
unknown material characteristics. This confusion of 
influences, due to the many and diverse parameters effecting 
the measured results, is sometimes referred to as 'aliasing'. 
From two measurements, plate load and settlement, it is 
impossible to back analyse all the characteristics of the soil 
that will effect the measurements. Thus the absolute value or 
meaning of the parameters derived is then indeterminate. 
One method of improving the interpretation of the load- 
settlement curve is to use influence factors applied to the 
standard solutions. These influence factors can be used to 
account for characteristics of real soil behaviour and non- 
standard test geometry. The review of the literature in 
Chapter 2 has assimilated existing influence factor 
solutions. The results of Chapters 4 and 5 have consolidated 
and extended these solutions to form a broader base of 
knowledge. 
The geometry of the test is generally well defined, and so the 
application of influence factors for geometry is relatively 
straight forward. However, unless additional testing is 
carried out (or as in the case of the influence of 'non- 
homogeneity', multiple plate tests are performed) the 
influence factors for the characteristics of the soil 
behaviour are indeterminate. Hence the value of the 
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interpreted parameters can still be uncertain. To illustrate 
this, Tables 6.1 and 6.2 detail the likely errors in the 
evaluation of the stiffness or strength of a soil by 
neglecting the required influence factors within the standard 
equations. 
(a) Table 6.1: Elastic modulus 
Apart from influence factors for test geometry which can 
readily be selected, elastic anisotropy of the soil is 
the soil characteristic most likely to cause gross error 
in the interpretation (-25% to +50% error). 
(b) Table 6.2: Strength 
The interpretation of the strength of a soil is more 
sensitive to a wider range of soil and test 
characteristics than for the elastic modulus 
interpretation. A confidence range of ±40% appears 
appropriate for the interpretation of the undrained shear 
strength of a clay soil from the test. However, as noted 
in Chapter 2 the undrained shear strength of a soil is 
not an intrinsic soil property, but is a function of both 
the test and soil characteristics. 
The converse to the argument, over the uncertainty of the 
value of the plate test, is that the parameters derived are at 
least (considering the plate test to be a model/prototype 
foundation) suitable for application to full-scale foundation 
design problems. Indeed, no other test has the capability of 
modelling the complexity of loading imposed on a soil by a 
full scale foundation as can a plate test. In addition, the 
plate test often has the advantage over conventional small 
scale laboratory tests in testing larger, more representative 
volumes of soil in its in-situ state. This can be a 
considerable advantage when soils are difficult to sample 
and/or where the in-situ structure and fabric of the soil is 
of importance. Thus on an empirical basis, and allowing for 
scale effects, the plate test appears more suited to the 
determination of parameters applicable to foundation design 
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than those derived from any other test method. 
6.3.1 Derivation of elastic parameters 
The isotropic, homogeneous linear elastic model is the 
simplest solution to adopt for the elastic analysis of a plate 
load-settlement curve; especially when coupled with settlement 
influence factors. The results of Chapter 5 which are of 
fundamental interest to plate test interpretation-are the 
insensitivities of the settlement influence factors to other 
influences of material-behaviour and test geometry. Thus the 
use of the products of individual factors appears a reasonable 
assumption for the back analysis, at least within practical 
limits of the potential variation of soil characteristics in 
the field. 
The influence of plastic yielding of the soil on the load- 
settlement curve has received particular attention in Chapter 
5. This is due to the potential influence*of plastic 
yielding, even at high factors of safety (low load levels), 
near the plate edge. The results of Chapter 5 have shown that 
the error incurred in the evaluation of the elastic modulus 
due to plastic yielding can be ignored over the conventional 
elastic settlement range (load factor, q/qat<0.33). Other 
effects, such as elastic non-linearity and stress reversal on 
re-loading of the soil at the base of a borehole, can increase 
the apparent range of the elastic response of the soil. 
If the plate test is a model foundation then the absolute 
degree of anisotropy is irrelevant and the modulus obtained, 
though stress level dependent and fundamentally empirical, is 
still applicable to the design/analysis of foundations of 
similar geometry and load direction. only the test geometry 
and heterogeneity have been directly accounted for in scaling 
the results of plate tests to full size foundations. One of 
the results obtained in Chapter 5 is that the influence 
298 
factors for 'non-homogeneity' are practically independent of 
the non-linearity of the soil. The important consequence of 
this is that the scaling laws derived from linear elastic 
analysis for extrapolating plate tests results to full scale 
foundations are still valid for non-linear analysis (at least 
for undrained loading of isotropic soil and assuming the 
characterisation of 'non-homogeneity' does not change with 
increasing depth). 
6.3.2 Derivation of strength parameters 
As for elastic settlement analysis, the interpretation of the 
shear strength of the soil from the load-settlement curve is 
influenced by numerous conflicting effects of both the 
material behaviour and the physical constraints of the test 
procedure. Thus, the misinterpretation of strength parameters 
due to the effects of 'aliasing' is possible. 
The problem in the interpretation of strength from the load- 
settlement curve is in establishing whether an ultimate load 
can be achieved. The results of infinitesimal strain analyses 
suggest that, as expected, ultimate loads are obtainable. 
However, the displacement required to model failure is a 
function of a multitude of influences. This range of 
influences is very broad: in-situ stress conditions, strength- 
stiffness relationship of the soil, test geometry, 
heterogeneity, anisotropy, and strain softening. Finite 
strain type analyses suggest that for elastic perfectly 
plastic soils ultimate loads may not be obtainable. The 
results of Chapter 5 using finite strain analyses with strain 
softening soils demonstrate that ultimate loads can still be 
reached with only moderate degrees of strain softening. Even 
for this case, however, the bearing capacity is still a 
function of the strength-stiffness relationship of the soil. 
Thus interpretation of an undrained shear strength from the 
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load-settlement curve appears imprecise. The most common 
failure criterion adopted for field plate testing is the use 
of a failure load defined at a fixed settlement to plate 
diameter ratio. Representative results from Chapter 5 of the 
actual settlement to plate diameter ratios required to model 
the theoretical bearing capacity factors of Table 2.2 are 
given in Table 6.3. The likely range of error in the 
interpretation of the undrained shear strength of a soil by 
adopting a failure load at a plate settlement to diameter 
ratio of 6/D = 0.15 (as adopted in BS 1377, Part 9,1990) is 
given in Table 6.4. It can be seen from the results of Table 
6.4 that the use of a fixed settlement to plate diameter ratio 
to determine the failure load can result in either an 
underestimate (--40% error) or overestimate (-+45% error) of 
the undrained shear strength of the soil. The effects of 
large settlement/deformations can in part be compensated for 
by the influence of strain softening behaviour of the soil. 
Other methods that are available for predicting the failure 
load, such as the measurement of pore pressures under the 
plate centreline, are just as prone to the same type of 
conflicting influences of soil behaviour (Section 5.3.4). The 
best way to proceed, if plate tests are used to determine the 
undrained shear strength, is to correlate the shear strength 
of a soil from element tests to plate test results (for 
example, Marsland 1971a, 1972). However, these correlations 
may only be site (and test type) specific. Thus the British 
Standard method, using a 15% 6/D value, although a good 
starting point should not be taken as the definitive solution 
for all clay (or general soil) deposits. 
No firm conclusions can be drawn from the results of Chapter 5 
using strain softening soil due to the deliberately limited 
range of analyses performed. The use of CRISP for this 
purpose is prohibitively expensive in computing time. In 
addition, not too much reliance can be given to the value of 
the results due to the general inadequacies of the incremental 
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tangent stiffness approach for strain softening soils. The 
limited results that have been obtained for the influence of 
strain softening for the axisymmetric case are compared with 
the more comprehensive solutions available for the plane 
strain problem in Fig. 6.3. The results are encouraging in 
that they suggest that the solutions for the bearing capacity 
of strip footings on strain softening soil (infinitesimal 
strain analysis) may be applicable to the axisymmetric problem 
without too great an error. Further finite'strain type 
analyses are required for a range of degrees of strain- 
softening, with different strength to stiffness relationships, 
in order to verify this hypothesis. 
The analyses performed for plate tests on the surface of a 
'non-homogeneous' soil (linear increase in strength with 
depth) have yielded some useful data for foundation design 
(and for the extrapolation of plate test'results to full scale 
foundations). The data have been converted to evaluate the 
'critical' depth from which the undrained shear strength 
should be taken for use within the standard bearing capacity 
formula for a surface plate. The results are presented in 
Fig. 6.4 as a function of the degree of 'non-homogeneity'. 
Within Fig. 6.4 the results have not been taken to values of 
C/loD> 10. This is because above this value the results 
become oversensitive to small changes of the values of gat/c. 
derived; at the limit Cu/1QD f oo (homogeneous soil) the 
'critical' depth becomes indeterminate and meaningless. The 
results of Fig. 6.4 suggest the 'critical' depth should be 
taken at a depth below the plate of -0.1-0.25 plate diameters. 
This is closer to the plate than recommended from approximate 
solutions suggested in the literature (0.4 to -0.5 diameters, 
Section 2.3.4). The use of 'critical' depths recommended in 
the literature will result in an over prediction of the 
ultimate bearing capacity by -100% (in comparison with 
Skempton's method (1951)) at the lower limit of 'non- 
homogeneity' of C/loD = 0.1. Use of the approximate 
analytical results for square footings (Nakase, 1981) would 
301 
result in an overprediction of the bearing capacity by -13% at 
this lower limit of strength 'non-homogeneity'. This 
relatively minor difference in results supports the conjecture 
that solutions for square and circular plates may be taken, 
practically, as the same (Skempton, 1951). 
In terms of the plate test, however, the variation of strength 
within the zone of influence of the plate is likely to be 
minimal. For example, based on plate tests results on London 
Clay (Marsland, 1971) using 865mm plates at the base of 
boreholes at varying depths, the equivalent value of Cy/AQD for 
a surface plate would not be less than 10. For this example, 
the error in the value of the undrained shear strength at the 
soil surface due to the 'non-homogeneity' would only be of the 
order of -2 %, i. e. negligible. The results do, however, 
allow for scaling of plate test results for the design of 
larger scale foundation analysis. 
Results from downhole plate tests have indicated the 
sensitivity of the ultimate bearing capacity to the geometry 
of the test. In particular the gap between the plate and the 
borehole has a large effect on the bearing capacity (Marsland, 
1972). The results from field tests, laboratory scale model 
tests and numerical results are compared in Fig. 6.5. 
Generally there is excellent agreement between the various 
sets of data. The difference in the results is in part due to 
the differences in interpretation. The numerical results are 
based on achieved ultimate loads, while the field and 
laboratory results are based on a bearing capacity factor 
Na=9.25 at a plate settlement to plate diameter ratio of 15%. 
The experimental results also make an allowance for weight of 
overburden within the back analysis. The inclusion of the 
overburden pressure within the bearing capacity formula for 
plates in open, unlined boreholes has been shown in Chapter 5 
to be a misapplication of Meyerhofs' (1951) original 
formulation. The results of chapter 5 have shown that the 
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ultimate bearing capacity of a plate at the base of an unlined 
borehole may be independent of the overburden pressure, and is 
purely a function of the test geometry. 
For plate test analyses in which a borehole lining was 
modelled ultimate loads were not recorded, and so a precise 
relationship between the failure load and overburden could not 
be established. The results indicate a similar pattern of 
behaviour to the unlined borehole analysis results; the 
overburden pressure increases the elastic settlement range and 
also the apparent ultimate load. The ultimate loads that were 
recorded indicated that the bearing capacity of the plate 
would be increased by the additional fixity of the soil 
boundaries and the effect of soil overburden pressure. This 
is in contrast to theoretical predictions (Meyerhof, 1951) 
which allow for the effects of overburden pressure only. Due 
to the high computing cost of these analyses, a full 
parametric study was not made of the influence of borehole 
lining with differing test geometries. Further study into 
this area would yield valuable data. 
6.4 Interpretation of specialised test proced es 
The uncertainty in the value of the soil parameters 
interpreted from plate load-settlement curves is as much due 
to the unknown stress-strain field induced within the soil by 
the loaded plate as it is the unknown characteristics of the 
soil. This might theoretically be overcome by specialised 
test procedures, taking additional measurements during a plate 
test to isolate local responses of the soil. These methods 
generally make use of either additional displacement 
measurements of the soil or pore pressure measurements. 
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6.4.1 Interpretation of elastic parameters from additional 
settlement measurements 
Analyses which use additional settlement measurements of the 
soil (Rowe, 1981; Rocha Filho et al., 1987) are, as for 
interpretation of the load-settlement curve, vulnerable to 
possible effects of 'aliasing'. For example, the settlement 
profiles of the soil surface derived from linear and non- 
linear elastic analyses are compared in Fig. 6.6. The curves 
in Fig. 6.6 provide an excellent example of the effect of 
'aliasing'. It is readily appreciated from Fig. 6.6 that, if 
the soil is assumed tobe linear elastic, the form of the 
settlement profiles could be misinterpreted as being due to 
the soil being 'non-homogeneous' rather than non-linear 
elastic. 
The reason for the similarities in the soil displacement 
profiles derived from linear elastic 'non-homogeneous' and 
non-linear elastic analyses can be found in the variation of 
strain level induced in a soil by a loaded plate (see Fig. 
5.51, Chapter 5). The spatial variation of strain at any 
particular plate displacement can be converted to the spatial 
variation of modulus using the non-linear elastic constitutive 
equations. The results for the induced variation of modulus 
for two vertical sections, below the plate centre and plate 
edge, are given in Figs. 6.7. The results of Figs. 6.7 
demonstrate that (ignoring the results immediately adjacent to 
the underside of the plate) the induced modulus within the 
soil effectively varies linearly with depth, but the degree of 
variation depends on the cross section examined. 
The similarity of the influence of elastic non-linearity and 
'non-homogeneity' on the soil settlement profiles appears to 
rule out these additional settlement measurements as a means 
of determining the 'non-homogeneity, of the soil as previously 
proposed (Rowe, 1981; Rocha Filho et al., 1987). 
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The use of the settlement measurements below the plate 
centreline to evaluate the modulus-strain dependency of the 
soil is potentially an improvement for plate test 
interpretation. In effect the method uses the under-plate 
settlement measurements in a similar way as in a triaxial 
element type test. In this case, however, the vertical strain 
is measured but the stress field is assumed. This then allows 
for direct calculation of the modulus-strain relationship of 
the soil. 
The results of Chapter 5 have indicated the sensitivity of the 
deviatoric stresses below the plate centre to the plate 
flexibility and load geometry. For the analysis the plate is 
assumed to be rigid; this assumption must be made unless the 
actual stress distribution applied to the soil by the plate is 
measured in the field. 
Examining the effects of various material properties on the 
centreline deviatoric stresses, Figs. 5.23, it is apparent 
that the condition most likely to cause gross errors in the 
analysis is that of elastic cross-anisotropy. For example, 
Fig. 6.8a, for London Clay (upper bound values for material 
anisotropy of m=0.4 and n=2) the error in the analysis of the 
vertical modulus is likely to be of the order -25 to 50%. If 
'non-homogeneity' of the soil is considered then the degree of 
'non-homogeneity' E(0)/A. D must reduce to a value <10 for the 
deviatoric stresses to be significantly affected (for strain 
measurement not immediately adjacent to the underside of the 
plate). 
Elastic non-linearity is found not to have too great an 
influence on the deviatoric stresses if measurements of strain 
are taken at a depth greater than one plate radius. The 
resultant error, for a surface plate test, in the evaluation 
of the vertical modulus of the soil (assuming simple linear 
elastic stress distributions) for different degrees of non- 
linearity are presented in Fig. 6.8b. The effect of elastic 
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non-linearity and plastic yield on the error in the analysis 
of the vertical modulus for the case of a deep downhole plate 
test (zero gravity model) is presented in Fig. 6.8c. The 
effects of plastic yield as illustrated in Fig. 6.8c are the 
worst case results. If the weight of the soil is included 
within the analysis then it could be expected that the range 
of the elastic response would be increased, as shown from the 
results of Chapter 5. 
Generally, these results suggest that measurement of strains 
at depths of about, and greater than, one plate radius will 
reduce the errors due to the assumption of linear elastic 
stress distributions. However, the magnitude of the 
settlement rapidly diminishes over relatively small distances 
from the plate. Hence, a balance must be made between the 
assumed accuracy of the interpretation and the accuracy of the 
measurements. There will also be errors due to the unknown 
variation of strain level between the measurement points 
beneath the plate (see Fig. 5.54, Chapter 5). Overall, the 
most reliable strain-modulus relationships-are likely to be 
obtained from settlement measurements at depths of 0.75 to 
1.25r. This result is graphically supported by the results of 
Burland (1989), as illustrated in Fig. 2.14. Fig. 2.14 
demonstrates that soil stiffnesses interpreted from settlement 
measuring points located immediately adjacent to the underside 
of the plate are incompatible with those derived at larger 
depths. 
To demonstrate the capabilities of this method the interpreted 
results from underplate settlement measurements from BRE plate 
tests (Marsland and Eason, 1973; Yung, 1987) are presented in 
Fig. 6.9. With regard to the recommendations above, the 
strain measurements close to the plate (z =o to 0.7r) have 
been ignored. The results have been derived from strains 
measured between measuring points z=0.7 to 1.4r, using 
linear elastic stress distributions for a deep plate test 
(DD/D=0.96). The results of small strain stiffness are often 
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presented with the modulus normalised with respect to the mean 
normal stress in the soil. While this may be convenient for 
laboratory test results the determination of the mean 
effective stress in the field is not so exact. The soil 
stiffnesses in Fig. 6.6 are therefore normalised with respect 
to the undrained shear strength of the soil (see Jardine et 
al., 1986) 
The London Clay results in Fig. 6.9 are normalised with 
respect to a shear strength of 200kPa, as suggested by Burland 
(1989) for this particular data. The results for Cowden till 
are based on an undrained shear strength of 100kPa (Yung, 
1987). The results are broadly in agreement with the results 
of triaxial test data, although the range of strains measured 
is more limited than that possible from triaxial tests. The 
minimum strain levels measured in the plate tests (-0.05%) are 
higher than those determined in the triaxial test 
(<10'3%), and also higher than that required to characterise 
the small strain stiffness of soil (Burland, 1989). 
The small strain measurement capability of the plate test then 
appears unfavourable in comparison with that possible using 
cheaper laboratory test methods. This result appears at first 
to be incongruent with the difference in scale between the 
laboratory and plate test methods. However, the small strain 
measurements from the BRE plate tests are based on the 
measurement of an average strain between measurement points at 
152mm spacing, i. e. only twice the length of a standard 
triaxial specimen. In addition the field test measurements 
also suffer in comparison to the laboratory test measurements 
due to a lower level of control of the environmental 
conditions of the test. However, for soils which are 
difficult to sample, and/or for which the in-situ structure 
and fabric is of importance, under plate settlement 
measurements may be the only method available for 
determination of even a limited range of small strain 
stiffness. 
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6.4.2 Interpretation of shear strength from pore pressure 
measurements 
The method of interpreting the shear strength of the soil from 
pore pressure measurements below the plate centreline 
(Sections 2.3.6 and 5.3.4) has been shown to be sensitive to 
the in-situ stresses, test geometry and material behaviour. 
Apart from the results of the analyses using the continuous 
plasticity model of Naylor (Section 5.3.3), the results all 
suggest a distinct change in gradient of the pore pressure 
with increasing plate load. The break in the curve is 
distinct enough to allow it to be related to the load factor 
and hence the undrained shear strength. In order to back 
figure the value of the shear strength the appropriate test 
geometry and in-situ stresses must be accounted for, while the 
soil must generally be assumed to behave as a linear elastic 
perfectly plastic medium. 
The nett effect of the continuous plasticity model is, as 
expected, to blur the distinction between elastic and plastic 
behaviour. In addition the reduction in the increase in pore 
pressure under the plate centre, due to undrained shearing 
'dry' of critical, may compensate for the increased mean 
pressure due to stress redistribution. Hence the 
interpretation of the shear strength from the pore pressure 
measurements becomes less exact and prone to subjective 
interpretation. Thus, in attempting to use under plate pore 
pressure measurements to determine the shear strength, further 
complication in the test may be incurred without an 
improvement in the confidence of the result obtained. 
Attempts to evaluate the shear strength from pore pressure 
measurements under loaded areas in the field have been based 
on embankment tests on lightly overconsolidated soil (HÖeg et 
al., 1969). In spite of the theoretical problems, these 
results have demonstrated the practical aspects of such an 
approach to the evaluation of field shear strengths of soils. 
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Further field data is required to evaluate the procedure for 
rigid plate tests on overconsolidated soils. 
6.4.3 Derivation of consolidation parameters 
The practical problem with the interpretation of the 
consolidation characteristics of a soil from a plate test is 
the lack of experimental and field data against which the 
results of numerical solutions can be compared. The 
theoretical problem of interpreting the coefficient of 
consolidation of a soil from a plate test is the effect of a 
multitude of soil characteristics and test conditions on the 
results. As for elastic settlement and shear strength 
analyses, the value of the consolidation parameters 
interpreted from a plate test may be misleading due to effects 
of 'aliasing'. 
The value of the coefficient of consolidation C,, that is 
derived in any analysis is largely a function of the drained 
elastic parameters of the soil, its shearing properties and 
any degree of anisotropy of permeability of the soil. The 
pertinent physical constraints of the test system include 
relative plate stiffness/load geometry, test geometry, 
permeability of soil-plate interface, effects of stress relief 
and location of test in relation to water table if the plate 
test is below the soil surface. 
An evaluation of the true coefficient of consolidation of the 
soil requires a knowledge of all these material properties as 
well as the constraints imposed by the test system. However, 
from the three measurements (load, settlement and time) it is 
impossible to distinguish all the influences of the real soil 
characteristics. The confidence level in the value of the 
coefficient of consolidation obtained from the plate test is 
then very uncertain. The only value that can be conceived for 
any coefficient of consolidation that is derived from the 
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plate test is as an empirical parameter. This parameter could 
only be used to relate the time-settlement of a plate test to 
a full scale foundation of similar geometry, loading intensity 
and load direction. 
The value of the coefficient of consolidation derived, though 
empirical, may be a much more representative value to use for 
foundation design/analysis than that derived from any other 
available test method. No other test can model the complexity 
of the pore pressure variations and three dimensional drainage 
conditions of a full scale foundation as can a plate test. 
Indeed, the advantage of the plate test for consolidation 
parameter determination is reinforced by the apparent need to 
test the large scale in-situ structure and fabric of the soil 
(Rowe, 1972). 
The results of Chapter 5 for deep down-hole plate tests 
clearly illustrate the effects of stress relief due to 
borehole excavation on the consolidation response of the soil. 
The settlement-time curve for this case is-significantly 
affected by the degree of stress relief, the location of the 
water table and the relative degree of loading of the plate in 
comparison to the stress relief. All of these influences 
will, by themselves, create problems in the interpretation. 
In addition, there will be effects from other characteristics 
of real soil behaviour and the influence of the time between 
completion of the excavation and the plate being loaded. The 
overall result is that meaningful interpretation of the time- 
settlement response of a down-hole plate test is very 
unlikely. 
It is conceivable that if the plate test is carried out in a 
very wide trench (and/or shallow excavation), Pb » D, then the 
stress relief under the plate will be relatively uniform. In 
addition the drainage path to 'undisturbed' soil (soil not 
significantly effected by stress relief) will be relatively 
large. In this case the time-settlement curve of a loaded 
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plate may yield results which are locally only a function of 
the effects of the plate loading, and can be equated to 
surface plate solutions. This implies that only the surface 
plate solutions should be used for the empirical consolidation 
analysis of field plate tests. 
6.5 Improved interpretation of elastic behaviour accounting 
for elastic non-linearity 
The results of Chapter 5 have yielded information of specific 
interest on the effects of elastic non-linearity of the soil 
on the plate load-settlement response. The numerical results 
indicate that the load-settlement curve from a plate test 
essentially follows the same power law as the elemental 
stress-strain relationship over the 'elastic' range of plate 
settlement. That is, if the elemental behaviour of the soil 
is described as: 
o=h E1 (3.1) 
then the corresponding plate response on the isotropic, 
homogeneous and non-linear elastic soil is given as: 
q= h' .' (6.1) 
D 
where h' is a stiffness parameter to be determined. 
The use of this results allows for direct interpretation of 
the elastic small strain-modulus dependency of the soil from 
the plate load-settlement curve. Conversely if the elemental 
behaviour of the soil is known then the load-settlement curve 
can be predicted in the *elastic" settlement range. 
The results from these observations can be broken down into 
two spheres of interest: the first is based on the assumption 
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that the non-linear power law used in this study is a good 
representation of real soil behaviour. The second, by 
extrapolation, is based on applying the results obtained to 
completely generalised non-linear stress-strain relationships 
of soil. These generalised relationships may be either 
mathematically or empirically defined from the results of 
triaxial element tests. 
6.5.1 Interpretation of the plate load-settlement response 
for soil governed by the simple power law relationship 
The immediate result of deriving a power law relationship, of 
the type given by Eq. 3.1, for a soil from a triaxial test is 
that the surface plate load-settlement response can be 
predicted from load-settlement curves similar to those in Fig. 
5.07, Chapter 5. Further, these results can be adjusted by 
using influence factors to account for test geometry and 'non- 
homogeneity' of the soil. 
The converse of this is that if the load-settlement response 
of a field plate test is found to follow a power law then the 
elemental strain-stiffness behaviour of the soil may be 
determined. This can be achieved by equating the secant 
modulus of the soil derived from the standard linear elastic 
plate load-settlement equation, Eq. 2.2, to the secant modulus 
derived from the non-linear power law relationship, i. e. from 
the plate load-settlement curve: 
E.. a., ºtýgDtr 
( 1-µ. ' )I (2.2) 
46 
h'( (6.2) 
where: 
6a the equivalent average strain in the soil under the 
plate (= f(6/D)) 
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and from the elemental behaviour 
c Ea4bcant = 1-1 £E (6.3) 
Equating the plate secant modulus (Eq. 2.2/6.2) to the 
elemental triaxial secant modulus (Eq. 6.3), a relationship 
can be established between the triaxial behaviour of the soil 
and the average global response of the soil under a loaded 
plate. This can be achieved by assuming h and h' have the 
same value, in which case c,, + (6/D) = constant. 
The results from several of the non-linear elastic analyses 
have been examined and the ratios of the equivalent average 
strain in the soil, c.,, to the settlement to plate diameter 
ratios are given in Table 6.5 (these results have been 
evaluated with allowance for the geometry influence factors 
within Eq. 2.2). The immediate impact of the results of Table 
6.5 is that for surface plates the relationship between d/D 
and e.,, is practically independent of the degree of non- 
linearity of the soil and the influence of plasticity (for low 
load factors). The general result is E&v z 0.3 (ö/D) (cf. 
E. v=0.576/D, 
Simpson et al., 1979). Thus from the plate load- 
settlement curve the elemental relationship between secant 
modulus and strain level is given by the following equation: 
1-1 r'+a. 
aant =hýE ýv 
i. e. E.. a.,, c =h 
(0.3 SID)'-'- 
(6.4b) 
As an example, the results of a plate test at Cowden are 
examined. The results of test No. T3 (Marsland and Powell, 
1980) for a plate in a wide trench (6m wide, 3.2m deep, 865mm 
plate, undrained shear strength at the test level Cu - 136kPa) 
can be treated as a surface plate test. The settlement ratio 
at a load factor of 0.33 is ö/D=0.0032, with a mean pressure 
on the soil of q=27okPa. The log-log plot of this load 
settlement curve, Fig. 6.1a, suggests the appropriate non- 
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linear power law parameter is i=0.8 . At this load level the 
secant modulus from the plate test (using Eq. 2.2) is 49.8MPa, 
hence the elemental behaviour of the soil is given as: 
E,,,, t (MPa) = 12.4 C° 
Similarly the bounding results from plate tests in deep 
boreholes in London clay, Fig. 6.1b, suggest that for the 
upper bound curve the value of the power law parameter i=0.7 
For a deep plate, B/D=10 and D/Db=0.96, the results of Table 
6.5 suggest a relationship of Eav=0.36/D. The secant modulus 
of the soil derived from the load-settlement curve and Eq. 2.2 
(allowing for test geometry) is given as 62.1MPa (at a load 
factor of 0.33,6/D=0.0024, assuming C=10OkPa). Hence the 
modulus-strain relationship for this soil is given as: 
E... t (MPa) = 7.08 e-o. 
' 
These projected variations of modulus are compared with 
published results in Fig. 6.9. The London clay results show a 
compatibility with the triaxial test results over a wide range 
of the strain. The comparison of results interpreted from 
both the under plate settlement measurements and the plate 
load-settlement curve is also reasonable. Overall the 
correlation of results is good, though absolute comparison 
cannot be made due to the uncertainty of the value of the 
normalising shear strength used. 
These results suggest that if the smallest reliable 
measurement of plate settlement for a 865mm diameter plate 
(BRE standard size) is 0.05mm (BS1377, Part 9,1990) then the 
lowest strain level that can be interpreted by this method is 
-10-'% (0.3*6/D*100%), i. e. one order of magnitude lower than 
the lower range the strain measured below the plate centre. 
However, combined use of the under-plate settlement 
measurements and the load-settlement curve could considerably 
improve the confidence in the non-linear elastic parameters 
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determined from the plate test using these methods. In 
addition, if the settlements of larger foundations are 
monitored then there would appear to be scope for evaluating 
even smaller strain-stiffness relationships. 
6.5.2 Soil behaviour described by generalised stress-strain 
relationships 
For surface plates, the relationship between the average shear 
strain in the soil, ce,, and the plate settlement, d/D, is 
found to be relatively insensitive to the degree of elastic 
non-linearity (see Table 6.5). Hence the results of the 
previous section can be extrapolated to generalised stress- 
strain relationships of a soil. 
To illustrate this the numerical load-settlement curve, Fig. 
6.10a, produced by Jardine et al. (1986) for a foundation on a 
non-linear elastic perfectly plastic soil is analysed here. 
The numerical/experimental (triaxial test) relationship of 
modulus versus strain that was used for this analysis is 
illustrated in Fig. 6.10b. 
Assuming that the average strain in the soil is given as 
c., -0.36/D, the secant modulus derived from the load-settlement 
curve in Fig. 6.10a can be related to the elemental strain. 
The results of the interpretation of the small strain 
stiffness over a range of the foundation loading is included 
in Fig. 6.10b for comparison with the theoretical values. The 
results of Fig. 6.10b demonstrate that this method of 
interpreting the plate load-settlement curve yields modulus- 
strain values which compare very favourably with the 
theoretical elemental behaviour of the soil over a wide range 
of strains. The discrepancy in results at the very low values 
of strain within Fig. . 
6.10b is thought to be due to errors in 
scaling data from Fig. 6.10a. The increasing discrepancy at 
higher load factors is a function of the increased influence 
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of plastic yield. The yielding effectively alters the 
relationship assumed for the average shear strain below the 
plate and the plate settlement diameter ratio. As the load 
factor increases the ratio e,, /(d/D) increases (see for example 
Table 6.5). Thus allowance for the effect of plastic yielding 
on the E,, /(d/D) ratio would improve further the compatibility 
of the theoretical and interpreted stiffness-strain 
relationship. -However, in spite of these differences, the 
simple approach still yields results which compare favourably 
with the theoretical modulus values up to load factors of -0.5. 
6.6 Strain range of soil behaviour of significance for 
numerical modelling 
One of the omissions within the existing literature is an 
appreciation of the range of strain behaviour of soil that is 
required for accurate numerical modelling of foundation 
load/settlement. Often modulus values of soil used within any 
analysis are based on that at a single specific strain level. 
More importantly for modelling the distribution of 
displacements within the soil loaded by a plate is an ability 
to account for a non-linear range of strain behaviour. The 
results of Chapter 5 have been useful in identifying the range 
of strain of significance to numerical modelling of the plate 
test. The results show that in order to model adequately the 
elastic load-settlement response of a plate on a non-linear 
soil the behaviour of the soil needs to be known in the strain 
range: 
0.36. /D <E< E=1Iilx" 
where S. equates to the smallest resolution of settlement 
measurement taken in the field. This equates to a lower 
strain range of 10-3% for a 1m diameter plate with a smallest 
settlement measurement of 0.05mm. Further refinement of the 
lower strain range modelled will not change, practically, the 
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numerical model results. 
The importance of this result is that it allows for an 
appreciation of both the need to measure and model these 
strain ranges. Further work is required to establish the 
strain range of interest for other soil-structure interactions 
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Soil/test Potential Range of Potential error in 
characteristic in-situ soil/test the interpretation" of 
influencing characteristics the elastic modulus 
the test of a soil due to 
interpretation the soil/test 
characteristics 
soil 
Elastic 2.0<n(=Eb/E)<0.5 -25% to +50% 
Anisotropy 0.1<m(=G/E)<0.6 
Elastic Non- 10 < E(z=0) < co < +12% 
homogeneity A" D 
Plastic yield q/qu1L < 0.33 < -10% 
Large No influence over 
deformation - elastic load- 
(soils of low [Finite strain settlement range 
relative analyses] 
stiffness) 
Test Geometry 
'Deep' down- 0.3<D/Db<0.96 +2% to +25% 
hole plate 
(B/D>2) 
'Shallow' down- 0.3<D/Db<0.96 < +12% 
hole plate 
(0<B/D<2) 
plate rough or smooth No influence over 
roughness elastic load- 
settlement range 
plate 10<K2<100 +10% 
flexibility 
"Linear elastic modulus from E. 2.2 
LrE 
(z=0) =qD ,r(1_ µ2 ) 
4d (soil assumed to be linear elastic, isotropic and homogeneous; 
plate assumed to be rigid and at ground level) 
Table 6.1 Range of potential error in the evaluation of an elastic modulus from a plate load-settlement curve based on Eq. 2.2 
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Soil/test Potential Range of Potential error in 
characteristic in-situ soil/test the interpretation" of 
influencing characteristics the undrained strength 
the test of a soil due to 
interpretation the soil/test 
characteristics 
soil 
Strength 0.5 < Cam, <2 -40% to +50% 
Anisotropy Cuv 
Strength 'Non- 10 < P, (z=0' < CO < +2% homogeneity' 1c D 
Strain- 0.01 < H/E < co 0% to -40% 
softening 0% < IB < 70% 
Large 
deformation 
(soils of low 150 < E/C <1000 +20% to +45% 
relative 
stiffness) 
Test Geometry 
'Deep' down- 0.3<D/Db<0.96 -+2% « +35% 
hole plate 
(B/D>2) 
'Shallow' down- 0.3<D/Db<0.96 -+l% « +30% 
hole plate 
(0< B/D <2) 
plate rough or smooth 7% 
roughness 
"Undrained shear strength from 
Cu = qultimate (Nc 
L NC 
(soil assumed to be 
homogeneous; plate assumed 
level) 
Eq. 2.17 
= 6.05) 1 
rigid-plastic, isotropic and to be rough rigid and at ground 
'Estimated based on a characteristic failure load for a rigid 
plastic soil with q: ýiiý" @ 6/D=0.15 
Table 6.2 Range of potential error in the evaluation of the undrained shear strength from a plate load-settlement 
curve based on Eq. 2.17 
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Soil/model Test Geometry/ Potential error in 
behaviour configuration the evaluation of the 
shear strength of a 
soil @d= 15% 
D 
perfectly plastic surface plate 0% 
perfectly plastic surface plate +45% 
(finite strain 
analysis) 
perfectly plastic down-hole plate -2% 
perfectly plastic down-hole plate +30% 
(finite strain 
analysis) 
strain-softening surface plate -0% to -40% 
strain-softening surface plate +20% to -20% (finite strain 
analysis) 
Table 6.4 Range of likely error in evaluation of undrained shear 
strength from a plate load-settlement curve at 6/D 
15% 
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Table 6.5 Relationship between average strain in the soil under 
and the plate settlement to diameter ratio 
Test 
Geometry 
Power law 
parameter 
Load 
Factor 
Ratio 
l E- 
B/D D/Db i q/q(ult) 
-D 
0 - 0.55 0.1 0.30 
0 - 0.6 0.1 0.28 
0 - 0.6 0.2 0.28 
0 - 0.6 0.3 0.29 
0 - 0.6 0.4 0.30 
0 - 0.6 0.5 0.32 
0 - 0.6 0.6 0.36 
0 - 0.8 0.1 0.23 
0 - 0.8 0.3 0.27 
0 - 0.8 0.5 0.32 
10 1.00 0.55 0.1 0.41 
10 1.00 0.55 0.2 0.45 
10 0.96 0.55 0.1 0.35 
10 0.85 0.55 0.1 0.32 
10 0.70 0.55 0.1 0.31 
10 0.50 0.55 0.1 0.31 
10 0.96 0.6 0.1 0.33 
10 0.96 0.8 0.1 0.27 
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Fig. 6.1 Load-settlement curves of field plate tests on clay soils 
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soil- linear variation of strength with depth) 
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1986) 
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7.0 CONCLUSIONS 
The objective of this study was to evaluate, using the finite 
element program CRISP, the capabilities of the field plate 
load test for the interpretation of clay soil parameters. The 
primary objective was to establish if, despite the complexity 
of the soil-plate behaviour and many influences thereon, the 
parameters that are interpreted from a field plate load test 
have any real value for foundation design. The logical 
progression from this was an investigation of if and how the 
interpretation might be improved by additional measurements 
during the test. 
One of the major drawbacks of field plate testing is its 
relatively high cost in comparison to other methods of soil 
parameter evaluation. Thus if the plate test is to be used at 
all then there should be a high degree of confidence in the 
results. The various theoretical deficiencies of the test may 
appear to make this confidence, in some instances, 
unjustified. Thus the results of this investigation are 
important in defining the limitations of the test and hence 
its role and future as an in-situ investigative tool for clay 
soils. 
In achieving the objectives of this study, much work was done 
calibrating and validating the numerical models used. Thus 
the conclusions have been divided into two parts; the use of 
CRISP, and the interpretation of soil parameters based on the 
results from CRISP. 
7.1 The use of CRISP 
As with any experimental procedure, the apparatus used to 
examine any hypothesis must itself be tested, scrutinised and 
calibrated to assure validity of the conclusions drawn from 
the results. Considerable effort was made to calibrate and 
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test the numerical models used. This testing was very 
successful, resulting in a high degree of confidence in the 
results obtained. 
Some characteristics of real soil behaviour were identified 
which were not modelled within CRISP but were of interest to 
the results of this present study. Therefore, several 
modifications to the constitutive soil models were made. No 
attempt was made to implement a comprehensive model of soil 
behaviour that depended on a large number of input parameters 
(the influence of any one parameter could be obscured by the 
interdependence of too many parameters). The modifications 
were successful, reflecting on the modular structure of CRISP 
which facilitates the implementation of new models. 
Of all the soil models used, the critical state based Modified 
Cam clay model was found to be the most difficult with which 
to achieve reliable results. Large numbers of increments were 
required (resulting in high computing costs) to overcome the 
difficulties of modelling strain softening soil using the 
tangent stiffness approach. The critical state models within 
CRISP would benefit from the adoption of an iterative 
incremental solution scheme to overcome this problem. The 
continuous plasticity model, implemented and used within CRISP 
as part of this work, partially overcame this problem by 
removing the sharp distinction between elastic and plastic 
behaviour. The continuous plasticity model was also shown, on 
an elemental level, to be able partially to mimic cyclic 
loading within the yield locus (though this was never examined 
for the plate test model). 
The use of CRISP for modelling idealised soil-plate behaviour 
has been clearly proven by comparison of the results with 
benchmark solutions available in the literature. The validity 
of the numerical models, boundary conditions and constitutive 
equations for modelling real soil-plate behaviour has been 
less conclusively proven. It has been shown that it is 
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possible to model the same boundary responses of the soil, due 
to plate loading, by adopting many different soil 
characteristics. It is therefore possible to mimic the soil- 
plate behaviour observed in real field plate tests without 
actually modelling the true behaviour of the soil; this is 
sometimes referred to as 'aliasing'. 
Hence, in order to validate the results of any numerical 
analysis for modelling real soil-plate interaction, the 
validation should not rely on just one comparison of boundary 
responses. Unfortunately, quality field data only exist for 
plate load-settlement results and limited under-plate 
settlement measurements. In order to understand the 
limitations of the numerical models, attempts must be made to 
determine the very uncertain stress and strain distributions 
within a real soil loaded by a field plate. Only by such 
comprehensive comparison of field and numerical results can 
the validity of the latter be comprehensively examined. 
Overall, the use of CRISP for modelling the plate test was 
highly successful. The use of the finite element method 
allowed for a comprehensive parametric study of the plate 
test, which would have been extremely difficult from 
experimental or field studies alone. 
7.2 Interpretation of soil parameters from- the Hate tent 
The stress and strain paths imposed on a soil by a loaded 
plate are extremely non-uniform, varying spatially in 
magnitude and direction (from small-strain high-stiffness 
through to plastic yield), and with the plate loading. The 
load-settlement response of the plate is the resultant 
integration of many unknown and complex stress and strain 
paths within the soil. As real soil behaviour is governed by 
the magnitude and direction of the stresses and strains, the 
determination of conventional soil parameters from the plate 
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test appears, at best, uncertain. Further uncertainty in the 
value of the test derives from possible 'aliasing'; from only 
three measurements (plate load, settlement and time) it might 
appear impossible therefore to back analyse any meaningful 
soil parameters. 
The converse is that, due to geometric similarities, the 
parameters derived from a plate test are likely to be more 
suitable for application to full-scale foundation design 
problems than those derived from any other test method. This 
is true whether the test is used to determine stiffness, 
strength or consolidation characteristics of a soil. Indeed, 
no other test has the capability of modelling the complexity 
of loading imposed on a soil by a full scale foundation. In 
addition, the plate test often has the advantage over 
conventional small scale laboratory tests in that larger, more 
representative volumes of soil are tested in their in-situ 
state. This is a considerable advantage when soils are 
difficult to sample and/or where the in-situ structure and 
fabric of the soil is of importance. 
7.2.1 Elastic analysis 
The standard interpretation of an elastic modulus from the 
plate load-settlement curve, using Equation 2.2, is based on 
the assumption that the soil is linear elastic, isotropic and 
homogeneous and the plate is perfectly rigid. Real soil is 
likely to be none of the above and the plate will have finite 
flexibility. In addition the interpreted elastic modulus is 
sensitive to the test geometry, i. e depth of excavation and 
relative plate/borehole diameter ratio. 
In spite of the above assumptions, it is still possible to 
obtain reliable elastic secant moduli of the soil using 
Equation 2.2, i. e. within a confidence range of -t10% of the 
actual value. This can be achieved by the use of settlement 
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influence factors to account for characteristics of real soil 
behaviour and non-standard test geometry. The results of this 
study have consolidated and extended available influence 
factor solutions to form a broader base of knowledge. 
Of all the influence factors, those which account for the test 
geometry are the most readily definable for a particular plate 
test. In addition, a plate can be effectively rigid if the 
relative stiffness K. (Equation 2.4b) is greater than 10. The 
assumption of a rigid plate is enhanced if the plate used is a 
thick plate (plate thickness: diameter ratio > 1/8), if the 
loading is applied uniformly over a large portion of the plate 
radius, and if the settlement is taken as the average of the 
plate edge and centre settlements. 
The influence factors for the material characteristics are 
generally unknown a priori, and require additional testing 
(independent of the plate test) to quantify. Of the influence 
factors, that for soil anisotropy is the most important but 
also the most difficult to ascertain. If the anisotropy of 
the soil cannot be determined then the likely error in the 
back analysis of the vertical modulus of the soil may be 
significant (up to -±45%). However, the influence of 
anisotropy is independent of the scale of the plate, i. e. if 
the full scale foundation is of similar geometry and load 
direction as the plate test then the equivalent 'vertical' 
modulus derived (using Equation 2.2) will still be appropriate 
for that foundation. 
Of all the soil characteristics, plastic yield and non- 
linearity cannot be accounted for by influence factors. This 
study has shown that the interpretation of an elastic modulus 
is practically insensitive to effects of plastic yield of the 
soil (over the conventional 'elastic' settlement range, 
load/undrained shear strength ratio < 3). 
The results of this study have shown that the secant modulus 
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of the soil derived from a plate load-settlement curve (using 
Equation 2.2) can be equated to a characteristic strain c., _ 
0.36/D within the soil. The significance of this result is 
that it allows for direct interpretation of the small strain 
non-linear behaviour of clay from the plate load-settlement 
curve. Small-strain non-linearity interpreted from field 
plate load-settlement data, using this method, has been shown 
to yield results consistent with the data obtained using local 
strain measurements in the triaxial test and under plate 
settlement measurements. This method is a considerable 
improvement on the current linear-elastic interpretation of 
the plate test. The characteristic strain method also enables 
prediction of the non-linear load-settlement performance of 
full-scale foundations from triaxial or plate test results. 
The above assumption, relating the performance of a foundation 
via a characteristic strain level, is adequate for boundary 
response modelling such as the plate load-settlement ratio. 
However, for modelling general displacements and stresses in a 
soil around a foundation, a range of non-linear behaviour must 
be modelled, not just a singular characteristic modulus-strain 
value. At present, the broad influences of non-linear 
behaviour can only be evaluated using numerical methods such 
as finite elements. 
Before a non-linear model can be used within a numerical 
analysis, the behaviour of the soil must be defined over a 
strain or stress range. The parameters for such an analysis 
can be derived from specialised laboratory tests using local 
small strain measurements in triaxial tests. The results of 
this study can be used to target the appropriate ranges of the 
soil behaviour that need to be measured in order to allow 
accurate numerical modelling of simple foundations. The 
strain range over which the non-linear behaviour of the soil 
should be identified has been determined to be 
0.36. /D <E< c=anoe, where S. is the smallest resolution of 
settlement measurement taken in the field. This equates to a 
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lower strain range of 10''% for a lm diameter plate with an 
accuracy of settlement measurement of ±0.05mm. The importance 
of the above result is that it provides an appreciation of the 
lower limit of resolution of strain that is required to be 
measured and modelled. 
One of the uses of the plate test is to predict directly the 
load-settlement performance of full scale foundations. The 
only soil characteristic that influences the scaling 
relationship between the load-settlement ratio and the 
plate/foundation size is non-homogeneity. Of significance 
from the results of this study is the virtual independence of 
the influence factors for test geometry and material 
properties. This result allows direct prediction of 
foundation performance, from plate test data, using scaling 
laws derived from linear elastic analyses (assuming the 
characterisation of 'non-homogeneity' does not alter with 
depth). 
Specialised plate test procedures have been developed which 
are intended to improve the interpretation of the elastic 
modulus of the soil by the measurement of additional 
parameters during the test. The results of this study have 
shown that such procedures should, generally, be avoided as 
they involve additional physical complexity of the test 
without positively enhancing the interpretation. The only 
exception is the use of under-plate settlement measurements to 
interpret the small strain non-linear behaviour of the soil. 
This particular method has been demonstrated to give results 
which are comparable with the results of local strain 
measurements in the triaxial test. However, the lower strain 
ranges over which the stiffnesses have been obtained by this 
method (>l0-2%) are more limited than those achieved in the 
controlled environment of the laboratory (-10'2$). Further 
development of the field equipment to enhance its capabilities 
to match laboratory test results is possible (this would 
require resolution of settlement measurements under the plate 
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of the order of -±0.001mm, for settlement points at -100mm 
spacing). The results of this study indicate that, using this 
method, the most reliable interpretation will be determined 
from settlement measuring points located at a depth of around 
one plate radius below the plate centre. However, there is 
doubt as to the validity of the under-plate stress 
distributions assumed within the analysis. Given the 
uncertainties and the limitations of this method (and the 
simpler, alternative non-linear elastic interpretation 
proposed in this present study; i. e. interpretation of the 
plate load-settlement curve using a characteristic strain), 
there is little justification in using under plate settlement 
measurements for the interpretation of the small strain 
stiffness of clays. In other materials, especially those 
which cannot be sampled, the method may still be of value. 
7.2.2 Strength analysis 
The interpretation of shear strength from the plate test, 
using Equation 2.20, suffers the same difficulties as for 
elastic interpretation. There are, however, more numerous and 
onerous influences of both the soil and test characteristics 
which may alter the value of the strength interpreted. 
Without control testing, e. g. using large diameter triaxial 
samples, a confidence range of -t 40% should be attributed to 
the values of shear strength interpreted. However, some of 
the test characteristics to which the interpretation of shear 
strength has been found to be sensitive may simply be 
functions of the numerical analyses (e. g. geometric non- 
linearity). 
Undrained shear strength is not an intrinsic soil property but 
is a function of the soil characteristics, the test method and 
the method of interpretation. Due to the geometric 
similarities of the plate test to foundation loading, it is 
considered that the undrained shear strength interpreted from 
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a plate test is the most appropriate for many foundation 
design/analysis problems. 
As for the elastic analysis, influence factors may be used 
within the interpretation to account for the soil 
characteristics and test geometry. The plate test analyses 
have confirmed the sensitivity of the results to the test 
geometry, in particular the size of the gap between the plate 
and the borehole. The analyses have not, however, been 
extended to evaluate influence factors for the combined 
effects of non-idealised soil and test characteristics. 
Furthermore, the influence factors for the soil 
characteristics are not known a priori and must, therefore, be 
evaluated using other test methods. 
The major problem in the interpretation of an undrained shear 
strength from the plate test is in the determination of an 
ultimate load on the plate. A continuous rise in plate load 
with settlement is often observed in field data. The 
uncertainty of interpreting an ultimate load from such a field 
plate load-settlement curve is usually resolved by adopting a 
characteristic failure load. This commonly takes the form of 
the load at a fixed plate settlement to diameter ratio. 
However, the shape of the plate load settlement curve has been 
shown to be sensitive to both the soil characteristics 
(including the in-situ stresses) and the test geometry and 
such a method can be potentially misleading when universally 
applied. It is likely that there is no uniquely correct 
method of defining the appropriate characteristic failure load 
for a plate test for all soils and test geometries. Thus the 
British standard method (BS1377, Part 9) of adopting a plate 
settlement: diameter ratio of 15% to determine the failure load 
should be used with caution. If such a method is adopted, the 
settlement: diameter ratio with which the characteristic 
failure load is associated should be selected by correlation 
with other tests on that soil deposit. 
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The results of the analyses of plates in unlined boreholes 
(infinitesimal strain modelling) have demonstrated that the 
overburden pressure should not be included within the bearing 
capacity equation (the stress on the equivalent free surface, 
in this case the borehole sides, being zero). In this case 
the ultimate bearing capacity for elastic-perfectly plastic 
soils is purely a function of the shear strength and the test 
geometry. If the borehole is lined, then the load on the 
plate appears to rise continuously after yielding of the soil, 
which further complicates the interpretation. 
A continually increasing load with plate settlement is also 
produced for elastic perfectly plastic soil when the finite 
strain option (geometric non-linearity) is used in CRISP. The 
results of the analyses have also demonstrated that where the 
soil strain softens, a true ultimate load may still be reached 
despite the influence of geometric non-linearity. This 
highlights further the ambiguities of the interpretation of an 
undrained shear strength from the test. 
The overall conclusion from this study is that the load- 
settlement curve from a plate test can be used to interpret an 
undrained 'shear strength' appropriate to foundation design. 
However, the range of potential error (-±40%) in the analysis 
of a fundamental value of shear strength must be appreciated 
and the results treated with caution. Confidence in the 
interpretation can only be gained with control testing, 
adjusting the adopted definition of the characteristic failure 
load to reflect the results of other tests on that soil. 
Specialised test procedures have been proposed in. which the 
shear strength has been related to a change in measured pore 
pressure distribution within the soil. The limited results 
that are available from field plate tests on lightly 
overconsolidated soil appear to give credence to the method. 
The results of the analyses in this study demonstrate that, 
for overconsolidated soils, the method is as potentially 
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ambiguous as the interpretation of the plate load-settlement 
curve. Practical difficulty with the method is likely to 
occur for down-hole plate tests where the initial pore 
pressure may (due to stress relief during the excavation) be 
negative. Additional data are required from field tests in 
order to appraise the method for overconsolidated soils. 
7.2.3 Consolidation analysis. 
The consolidation characteristics of a soil are likely to be 
the most difficult to interpret with confidence. It is 
unlikely that all the relevant characteristics of the soil 
which influence the results will be determinable. Therefore 
the interpretation must be considered, at best, empirical. 
The results should then only be used for the prediction of the 
load-settlement-time performance of foundations of similar 
geometry, scale and loading direction. 
Interpretation of down-hole plate load-settlement-time curves 
is likely to be misleading due to the influence of stress 
relief on the initial pore pressure distributions. This 
leaves only surface plate results suitable for the 
determination of empirical consolidation characteristics of a 
soil. 
Given the importance of soil structure and fabric, and the 
need to account for three-dimensional consolidation, the plate 
test could still provide a useful method of empirically 
predicting the consolidation performance of many foundation 
problems. 
7.3 SLR 
The finite element method has been shown to be a very powerful 
and useful tool for modelling soil-plate behaviour. The CRISP 
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program has proven to be very versatile and reliable (having 
validated the constitutive models, the mesh and the boundary 
conditions for the plate test problem). 
The plate test is, despite the theoretical difficulties, a 
useful tool for soil parameter evaluation. Most notably the 
test can be used to derive in-situ non-linear stiffness 
parameters directly from the plate load-settlement curve. The 
undrained 'shear strength' interpreted from the plate test is 
a function of the soil and test characteristics and also the 
method adopted in the evaluation of a failure load. While the 
resultant shear strength interpreted from the test may not be 
an intrinsic soil parameter it is probably the most 
appropriate (in comparison to those derived from other test 
methods) for application to many foundation problems. 
Interpretation of fundamental consolidation characteristics of 
a soil from the test is highly questionable, but the results 
may at least be empirically extrapolated to full scale 
foundation problems. 
specialised plate tests which use additional measurements 
should generally be avoided as they add physical complexity to 
the test without necessarily improving the interpretation of 
soil parameters. 
347 
a, c, d Anisotropic characteristic parameters 
b Depth below plate to 'bedrock' 
A Skempton's (1954) pore pressure parameter 
B Depth of borehole 
C. Undrained isotropic shear strength (perfectly 
plastic soil) 
Cý, Undrained shear strength in horizontal plane 
(perfectly plastic soil) 
C. p 
Undrained peak shear strength (strain-softening 
soil) 
C, Undrained residual shear strength (strain-softening 
soil) 
C., Undrained shear strength in vertical plane 
(perfectly plastic soil) 
C. Coefficient of consolidation 
D Plate diameter 
D2 Width of full scale foundation 
Db Diameter of borehole 
DD Width of footing (plane strain conditions) 
Ea Horizontal modulus of soil (anisotropic) 
Eo Elastic modulus of plate 
E. Isotropic elastic modulus of soil 
E, Vertical elastic modulus of soil (anisotropic) 
G Elastic shear modulus of soil (isotropic) 
G, t 
Elastic shear modulus of soil in the vertical plane 
h Stiffness parameter in non-linear elastic power law 
model 
H Post peak slope of triaxial shear stress-strain 
curve (strain softening soil) 
i non-linear elastic power law exponent 
I General settlement influence factor 
Settlement influence factor for cross anisotropy 
Settlement influence factor for cross anisotropy 
('Gibson' soil) 
Brittleness index (strain softening soil) 
IQ Influence factor for bearing capacity on 'non- 
homogeneous' soil 
Im Settlement influence factor for 'non-homogeneous' 
soil 
IJ1/2 Settlement influence factors for test geometry 
Ir Rigidity index of soil (G/CJ 
k Coefficient of subgrade reaction 
K= Bulk modulus of water 
Kb Horizontal permeabilty 
Coefficient of earth pressure on borehole shaft 
within failure zone of a down-hole plate test 
K Vertical permeability 
KO Coefficient of earth pressure at rest 
K11213 Relative stiffness of plate 
in Modular ratio (= Gob/E) 
M, Coefficient of volume compressibility 
n Ratio of horizontal to vertical soil stiffness (= 
Eh/E ) 
NC Bearing capacity factor 
q Mean bearing pressure on plate 
CL Normal stress on equivalent free surface for down- 
hole plate tests 
qt Mean bearing pressure on plate atefailure' 
qý, 2t Mean ultimate pressure on plate 
q,,. Applied surcharge pressure on soil surface adjacent 
to a loaded surface plate (not equivalent to 
overburden pressure) 
r Plate radius 
R Distance from plate centre 
t Plate thickness 
T. Time factor 
u Pore pressure 
U Degree of settlement = degree of consolidation 
w Weighting function (continuous plasticity model) 
Z Depth below plate 
a coefficient of adhesion (soil-plate) 
Anisotropic characteristic parameter 
Mean plate settlement 
Settlement of a 1-foot diameter plate 
d, Settlement of a full scale foundation 
µ,, Poisson's ratio of soil (ratio for strain in the 
vertical direction due to a horizontal stress) 
P. Poisson's ratio of soil (isotropic) 
µp Poisson's ratio of plate material 
µ Poisson's ratio of soil (ratio for horizontal strain 
due to horizontal stress) 
a, Vertical stress in soil 
ah Horizontal stress in soil 
e Lode angle 
A 
r Critical state soil parameters 
x 
M 
Rate of linear increase of soil stiffness with depth 
Rate of linear increase of soil strength with depth 
Characteristic strain in soil below a loaded plate 
Vertical strain of an element of soil below the 
plate centre 
E3 Lower threshold strain below which elastic modulus 
is constant 
Es Upper threshold strain above which elastic modulus 
is constant 
Saturated density of clay 
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Appendix A 
Derivation of Non-linear elastic parameters from Cowden Till 
Triaxial test results 
Experimental results from undrained triaxial tests using local 
strain measurements (Yung, 1987) have been examined to derive 
non-linear power law parameters for Cowden Till. A further 
triaxial test curve for Cowden Till, used by Hight and Gens 
(1979) for a non-linear finite element analysis of a plate 
test, has also been examined. 
These results are plotted as log-log plots of stress versus 
strain from which the non-linear power law parameters have 
been derived (Power law: a=h c'): the slope of the log-log 
stress-strain curve is equated to the power law exponent, i, 
and the constant h is derived by substitution of data. 
The power law parameters that have been derived are detailed 
below: 
Reference TEST 
Yung (1987) T1UV 
Yung (1987) T2UH 
Yung (1987) RT5UV 
Hight 4 Gens (1979) 
ih 
0.55 1120 
0.31 402 
0.62 3520 
0.48 1500 
A comparison of the experimental and power law stress-strain 
curves are detailled in the figures of this appendix: 
Graph legend: 
}ý-X Numerical curve based on parameters 
specified above 
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Appendix B 
Modifications to CRISP 
MODIFICATIONS TO CRISP TO INCORPORATE A LINEAR ELASTIC MODE 
FEATURING BOTH ANISOTROPIC ELASTICITY AND NON HOMOGENEOUS 
MATERIAL PROPERTIES 
The material properties input into this model are identical to 
those in the standard linear elastic anisotropic model, but 
are specified at a depth z. In addition, two extra soil 
parameters are specified, PR(11, KM) and PR(12, KM). These 
correspond to the depth within the mesh, z (m), at which the 
material properties are specified and the rate of increase of 
stiffness with depth, A, (kN/m3) respectively. The following 
routine DGIB is added to CRISP to evaluate the appropriate 
elastic D matrix. 
SUBROUTINE DGIB(I, IET, NEL, NDIM, NDN, NS, NPR, NMT, 
1 ELCOD, SHFN, MAT, D, PR, INDX) 
C************************************************************* 
C CALCULATES STRESS-STRAIN MATRIX FOR LINEAR ELASTIC 
C BEHAVIOUR WHEN ELASTIC PROPERTIES VARY LINEARLY WITH DEPTH 
C************************************************************* 
DIMENSION ELCOD(NDIM, NDN), SHFN(NDN), D(NS, NS) 
DIMENSION MAT(NEL), PR(NPR, NMT) 
COMMON /DIN / DEL(3), DEP(21) 
C 
C 
KM=MAT(I) 
YY=O. 
DO 6 IN=1, NDN 
6 YY=YY+SHFN(IN)*ELCOD(2, IN) 
AN=PR(1, KM)/PR(2, KM) 
BM=PR(5, KM)/PR(2, KM) 
EV=PR(2, KM)+PR(12, KM)*(PR(11, KM)-YY) 
GVH=EV*BM 
C 
C 
C 
A=EV/((1.0+PR(3, KM))*(1.0-PR(3, KM)-2.0*AN*PR(4, KM)* 
1 PR(4, KM))) 
CALL ZEROR2(D, NS, NS) 
D(1, l)=A*AN*(1.0-AN*PR(4, KM)*PR(4, KM)) 
D(1,2)=A*AN*PR(4, KM)*(1. O+PR(3, KM)) 
D(1,3)=A*AN*(PR(3, KM)+AN*PR(4, KM)*PR(4, KM)) 
D(2,1)=D(1,2) 
D(2,2)=A*(1.0-PR(3, KM)*PR(3, KM)) 
D(2,3)=D(1,2) 
D(3,1)=D(1,3) 
D(3,2)=D(2,3) 
D(3,3)=D(1,1) 
D(4,4)=GVH 
IF(NDIM. EQ. 2)GOTO 5 
D(5,5)=GVH 
D(6,6)=GVH 
5 IF(IET. EQ. O) GO TO 20 
DO 10 J=1,3 
DO 10 JJ=1,3 
10 D(JJ, J)=D(JJ, J)+PR(7, KM) 
C 
C 
C 
20 CONTINUE 
DEL(1)=D(1i1) 
DEL(2)=D(1,2) 
DEL(3)=D(4,4) 
IS=o 
DO 40 J1=1, NS 
DO 40 I1=1, J1 
IS=IS+1 
40 DEP(IS)=D(I1, J1) 
RETURN 
END 
MODIFICATIONS TO NON-LINEAR ELASTIC SOIL MODEL To INCORPORATE 
TH ESHQLD STRAINS 
Two additional material properties are specified in the data 
input file. These are read as PR(11, KM) and PR(12, KM) 
corresponding to a lower and upper threshold strain 
respectively. In addition the following alterations are made 
within the program. 
original: 
IF(EPS. LT. PR(11, KM)) THEN 
EU=AA*PR(11, KM)**(AN-1. ) 
ELSE 
EU=AN*AA*EPS**(AN-l. ) 
ENDIF 
Changed to: 
IF(EPS. LT. PR(11, KM)) THEN 
EU=AA*PR(11, KM)**(AN-1. ) 
ELSEIF(EPS. LT. PR(12, KM)) THEN 
EU=AN*AA*EPS**(AN-1. ) 
ELSE 
EU=AN*AA*PR(12, KM)**(AN-1. ) 
ENDIF 
Subroutine YIELDJ: 
Original: 
EU=AA*EPS**(AN-1. ) 
Changed to: 
IF(EPS. LT. PR(11, KM)) THEN 
EU=AA*PR(11, KM)**(AN-1) 
ELSE IF(EPS. LT. PR(12, KM)) THEN 
EU=AA*EPS**(AN-1) 
ELSE 
AQ1=AA*PR(12, KM)**AN 
EE1=EPS-PR(12, KM) 
AQ2=AQ1+EE1*AN*AA*PR(12, KNi)**(AN-1) 
EU=AQ2/EPS 
END IF 
Modifications Modifications to CRISP to incorporate a continuous plasticity 
model '- 
The following changes are made to CRISP to incorporate the 
continuous plasticity model of Naylor (1985). 
SUBROU TIN E DNAYL: Used to evaluate continuous plasticity D 
matrix. Program altered to call modified 
routines when this model is specified. 
DNAYL 1 SUBROUTINE DNAYL(IP, I, IET, NEL, NIP, NVRS, NDIM, NS, NPR, NMT, 
DNAYL 2 1 VARINT, MAT, D, PR, IPLSTK, JS, DLAMDA, A, DE, SIGC, W) 
DNAYL 3 C***********************************************rr********************* 
DNAYL 4 C CALCULATES STRESS STRAIN MATRIX FOR NAYLORS CONTINUOUS- 
DNAYL 5 C PLASTICITY MODEL BASED ON THE MCC MODEL. 
DNAYL 6 C********************************************************************* 
DNAYL 7 DIMENSION VARINT(NVRS, NIP, NEL), D(NS, NS), MAT(NEL), TS(4) 
DNAYL 8 DIMENSION S(6), A(4), B(6), PR(NPR, NMT), DEPCS(4,4), DE(4,4) 
DNAYL 9 COMMON /DIN/ DEL(3), DEP(21) 
DNAYL10 COMMON /UNLOA IWET(100,16), QTP(100,16), TTP(100,16), FACT(16,100) 
DNAYL11 COMMON /DRYWET/ DEPS(100,16,4) 
DNAYL12 C 
DNAYL13 KM-MAT(I) 
DNAYL14 SX-VARINT(1, IP, I) 
DNAYL15 SY=VARINT(2, IP, I) 
DNAYL16 SZ=VARINT(3, IP, I) 
DNAYL17 TXY-VARINT(4, IP, I) 
DNAYL18 C 
DNAYL19 IF(SX. GT. SY. AND. SX. GT. SZ) THEN 
DNAYL20 ISTR1-1 
DNAYL21 IF(SY. GT. SZ) THEN 
DNAYL22 ISTR2=1 
DNAYL23 ELSE 
DNAYL24 ISTR2=2 
DNAYL25 END IF 
DNAYL26 GOTO 6 
DNAYL27 END IF 
DNAYL28 IF(SY. GT. SZ. AND. SY. GT. SX) THEN 
DNAYL29 ISTR162 
DNAYL30 IF(SZ. GT. SX) THEN 
DNAYL31 ISTR2=1 
DNAYL32 ELSE 
DNAYL33 ISTR2=2 
DNAYL34 END IF 
DNAYL35 GOTO 6 
DNAYL36 END IF 
DNAYL37 IF(SZ. GT. SY. AND. SZ. GT. SX) THEN 
DNAYL38 ISTR1n3 
DNAYL39 IF(SY. GT. SX) THEN 
DNAYL40 ISTR2=1 
DNAYL41 ELSE 
DNAYL42 ISTR2=2 
DNAYL43 END IF 
DNAYL44 GOTO 6 
DNAYL45 END IF 
DNAYL46 C 
DNAYL47 ISTR1-1 
DNAYL48 ISTR2-2 
DNAYL49 C 
DNAYL50 6 E=VARINT(NS+2, IP, I) 
DNAYL51 PC-ABS(VARINT(NS+3, IP, I)) 
DNAYL52 SIGC=PC/2. 
DNAYL53 P-(SX+SY+SZ)/3. 
DNAYL54 Q2=SX*(SX-SY)+SY*(SY-SZ)+SZ*(SZ-SX)+3. *TXY*TXY DNAYL55 Q=SQRT(Q2) 
DNAYL56 QTPA-Q 
DNAYL57 PTPA-P 
DNAYL 58 IF(JS. EQ. 1) THEN 
DNAYL 59 IF((SIGC-P). LT. 0.0) THEN 
DNAYL 60 IWET(I, IP)=1 
DNAYL 61 ELSE 
DNAYL 62 IWET(I, IP)=2 
DNAYL 63 END IF 
DNAYL 64 CPO=ABS(P-SIGC) 
DNAYL 65 FACT(IP, I)=0.64*PC*((CPO/SIGC)**2/(1-(CPO/SIGC)**2))**0.5 
DNAYL 66 END IF 
DNAYL 67 BK=(1. +E)*P/PR(1,10i) 
DNAYL 68 C --------------------------------------------------------------------- 
'DNAYL 69 C CALCULATE ELASTIC STRESS-STRAIN MATRIX FOR COMPOSITE STRESS 
DNAYL 70 C STATE 
DNAYL 71C --------------------------------------------------------------------- 
DNAYL 72 G-PR(5, KM) 
DNAYL 73 IF(G. LT. 1. ) G-BK*1.5*(1. -2. *PR(5, KM))/(1. +PR(5, KM)) 
DNAYL 74 AL=(3. *BK+4. *G)/3. 
DNAYL 75 DL=(3. *BK-2. *G)/3. 
DNAYL 76 C 
DNAYL 77 CALL ZEROR2(D, 4,4) 
DNAYL 78 CALL ZEROR2(DE, 4,4) 
DNAYL 79 DE(1,1)=AL 
DNAYL 80 DE(2,1)=DL 
DNAYL 81 DE(3,1)=DL 
DNAYL 82 DE(1,2)=DL 
DNAYL 83 DE(2,2)=AL 
DNAYL 84 DE(3,2)=DL 
DNAYL 85 DE(1,3)=DL 
DNAYL 86 DE(2,3)=DL 
DNAYL 87 DE(3,3)=AL 
DNAYL 88 DE(4,4)-G 
DNAYL 89 C 
DNAYL 90 IF(JS. EQ. 1) THEN 
DNAYL 91 QTP(I, IP)=0.0 
DNAYL 92 TTP(I, IP)=0.0 
DNAYL 93 IPLSTK=0 
DNAYL 94 W=0. 
DNAYL 95 DO 16 11-1,4 
DNAYL 96 DO 16 JJ-1,4 
DNAYL 97 16 D(II, JJ)-DE(II, JJ) 
DNAYL 98 GOTO 50 
DNAYL 99 END IF 
DNAYL100 C--------------------------------------------------------------------- 
DNAYL101 C SET WEIGHTING FUNCTION FACTOR, N 
DNAYL102 C--------- ------------------------ ------------ ------------------------ DNAYL103 ZN=2.0 
DNAYL104 C--------------------------- ------------------- - ---- --------------- DNAYL105 C EVALUATE CONJUGATE POINT IN 3D STRESS SPACE 
DNAYL106 C------ --------- ------------ ------------- -------------------------- DNAYL107 CP-SQRT((P-SIGC)**2+(Q/PR(4, RM))**2) 
DNAYL108 SIGDQ-SIGC*Q/(CP*PR(4, KM)) 
DNAYL109 SIGSQ-SIGC+SIGC*(P-SIGC)/CP 
DNAYL110 W=(CP/SIGC)**ZN 
DNAYL111 IF(W. GT. O. 99) THEN 
DNAYL112 W-1.000 
DHAYL113 GOTO 3 
DNAYL114 END IF 
DNAYL115 IF(P. GT. SIGC) GOTO 17 
DNAYL116 IF(Q. LT. l. E-6) GOTO 17 
DNAYL117 C--------------------------------------------------------------------- 
DNAYL118 C ADJUST POSITION OF CONJUGATE POINT IF CONJGATE POINT 
DNAYL119 C LIES IN THE HVORSLEV REGION 
DNAYL120 C--------------------------------------------------------------------- 
DNAYL121 Q1=0.5*(1-SIGDQ/SIGC)*(1-W) 
DNAYL122 SIGDQ=SIGDQ+(SIGC-SIGSQ)*Q1 
DNAYL123 SIGSQ=SQRT(SIGC**2-SIGDQ**2) 
DNAYL124 SIGSQ=SIGC-SIGSQ 
DNAYL125 C 
DNAYL126 17 AJ3=(P-SZ)*((P-SY)*(P-SX)-TXY**2) 
DNAYL127 THETA=-27*AJ3/(2*Q**3) 
DNAYL128 IF(THETA. GT. 0.99) THETA=1.0 
DNAYL129 IF(THETA. LT. -O. 99999) THETA--1.0 
DNAYL130 THETA-ASIN(THETA)/3.0 
DNAYL131 TXY=TXY*SIGDQ/Q 
DNAYL132 Sl=SIGSQ-SIGDQ*(SIN(THETA-2*3.1416/3))*2. /3. 
DNAYL133 S2=SIGSQ-SIGDQ*(SIN(THETA))*2. /3. 
DNAYL134 S3-SIGSQ-SIGDQ*(SIN(THETA+2*3.1416/3. ))*2. /3. 
DNAYL135 SINV1=Sl+S2+S3 
DNAYL136 SINV2=Sl*S2+S2*S3+S3*Sl 
DNAYL137 SINV3=S1*S2*S3 
DNAYL138 X1=SIGSQ 
DNAYL139 NCOUNT-0 
DNAYL140 1 FX1--X1**3+SINV1*Xl**2-SINV2*X1+SINV3 
DNAYL141 FX2=-3. *X1**2+2*SINV1*X1-SINV2 
DNAYL142 X2=X1-FX1/FX2 
DNAYL143 AT-X2/X1 
DNAYL144 IF(AT. GT. 1.01. OR. AT. LT. 0.99) THEN 
DNAYL145 Xl=X2 
DNAYL146 NCOUNT-NCOUNT+l 
DNAYL147 IF(NCOUNT. GT. 10) GOTO 11 
DNAYL148 GOTO 1 
DNAYL149 END IF 
DNAYL150 11 ATB=X2 
DNAYL151 X1=SIGSQ 
DNAYL152 NUM=0 
DNAYL153 2 FX1-(SINV1-XI-ATB)*Xl-SINV3/ATB-TXY**2 
DNAYL154 FX2=SINV1-2*Xl-ATB 
DNAYL155 X2-X1-FX1/FX2 
DNAYL156 AT=X2/X1 
DNAYL157 NUM=NUM+1 
DNAYL158 IF(NUM. GT. 10) GOTO 4 
DNAYL159 IF(AT. GT. 1.01. OR. AT. LT. 0.99) THEN 
DNAYL160 X1=X2 
DNAYL161 GOTO 2 
DNAYL162 END IF 
DNAYL163 4 BTB-X2 
DNAYL164 CTB-SINV1-ATB-BTB 
DNAYL165 C 
DNAYL166 IF(ATB. GT. BTB. AND. ATB. GT. CTB) 
DNAYL167 ATA=ATB 
DNAYL168 IF(BTB. GT. CTB) THEN 
DNAYL169 BTA=BTB 
DNAYL170 CTA=CTB 
DNAYL171 ELSE 
DNAYL172 BTA=CTB 
DNAYL173 CTA=BTB 
DNAYL174 END IF 
DNAYL175 END IF 
DNAYL176 IF(BTB. GT. CTB. AND. BTB. GT. ATB) 
DNAYL177 ATA-BTB 
DNAYL178 IF(CTB. GT. ATB) THEN 
DNAYL179 BTA=CTB 
DNAYL180 CTA=ATB 
DNAYL181 ELSE 
DNAYL182 BTA=ATB 
DNAYL183 CTA=CTB 
DNAYL184 END IF 
DNAYL185 END IF 
DNAYL186 IF(CTB. GT. ATB. AND. CTB. GT. BTB) 
DNAYL187 ATA=CTB 
DNAYL188 IF(ATB. GT. BTB) THEN 
DNAYL189 BTA-ATB 
DNAYL190 CTA-BTB 
DNAYL191 ELSE 
DNAYL192 BTA=BTB 
DNAYL193 CTA=ATB 
DNAYL194 END IF 
DNAYL195 END IF 
DNAYL196 C 
DNAYL197 IF(ISTR1. EQ. 1) THEN 
DNAYL198 SX=ATA 
DNAYL199 IF(ISTR2. EQ. 1) THEN 
DNAYL200 SY-BTA 
DNAYL201 SZ-CTA 
DNAYL202 ELSE 
DNAYL203 SY-CTA 
DNAYL204 SZ=BTA 
DNAYL205 END IF 
DNAYL206 END IF 
DNAYL207 IF(ISTR1. EQ. 2) THEN 
DNAYL208 SY=ATA 
DNAYL209 IF(ISTR2. EQ. 1) THEN 
DNAYL210 SZ-BTA 
DNAYL211 SX=CTA 
DNAYL212 ELSE 
DNAYL213 SZ-CTA 
DNAYL214 SX-BTA 
DNAYL215 END IF 
DNAYL216 END IF 
DNAYL217 IF(ISTR1. EQ. 3) THEN 
DNAYL218 SZ-ATA 
DNAYL219 IF(ISTR2. EQ. 1) THEN 
DNAYL220 SY-BTA 
DNAYL221 SX-CTA 
DNAYL222 ELSE 
DNAYL223 SY-CTA 
THEN 
THEN 
THEN 
DNAYL224 SX=BTA 
DNAYL225 END IF 
DNAYL226 END IF 
DNAYL227 C 
DNAYL228 3 P=(SX+SY+SZ)/3. 
DNAYL229 Q2=SX*(SX-SY)+SY*(SY-SZ)+SZ*(SZ-SX)+3. *TXY*TXY 
DHAYL230 Q=SQRT(Q2) 
DNAYL231 BK=(l. +E)*P/PR(1, KM) 
DNAYL232 
DNAYL233 C--------------------------------------------------------------------- 
DNAYL234 C EVALUATE IF IP IS UNDER GOING UNLOADING 
DNAYL235 C--------------------------------------------------------------------- 
DNAYL236 C 
DNAYL237 DO 100 II=1, NS 
DNAYL238 TS(II)=0. 
DNAYL239 DO 101 JJ=1, NS 
DNAYL240 101 TS(II)=TS(II)+DE(II, JJ)*DEPS(I, IP, JJ) 
DNAYL241 100 CONTINUE 
DNAYL242 C 
DNAYL243 TDP=(TS(1)+TS(2)+TS(3))/3 
DNAYL244 TDQ=TS(1)*(TS(1)-TS(2))+TS(2)*(TS(2)-TS(3))+TS(3)*(TS(3)-TS(1)) 
DNAYL245 TDQ=TDQ+3*TS(4)**2 
DNAYL246 IF(QTPA. GT. 0.999999*QTP(I, IP)) THEN 
DNAYL247 TDQ=SQRT(TDQ) 
DNAYL248 ELSE 
DNAYL249 TDQ=(-1)*SQRT(TDQ) 
DNAYL250 IF(P. LT. SIGC. AND. PTPA. GT. TTP(I, IP)) THEN 
DNAYL251 TDQ=ABS(TDQ) 
DNAYL252 END IF 
DNAYL253 END IF 
DNAYL254 C 
DNAYL255 IF(IWET(I, IP). EQ. 2) TDP=ABS(TDP) 
DNAYL256 IF(IWET(I, IP). EQ. 1) TDP--ABS(TDP) 
DNAYL257 IF(Q. GT. 0.990*PR(4, KM)*P. AND. Q. LT. 1.010*PR(4, KM)*p) THEN DNAYL258 IF(P. GT. 0.990*SIGC. AND. P. LT. 1.010*SIGC) THEN 
DNAYL259 IF(IWET(I, IP). EQ. 2) THEN 
DNAYL260 IF((TDP/TDQ). GT. -0.02) TDQ=ABS(TDQ) 
DNAYL261 IF(IWET(I, IP). EQ. 1) THEN 
DNAYL262 END IF 
DNAYL263 END IF 
DNAYL264 END IF 
DNAYL265 END IF 
DNAYL266 C 
DNAYL267 DFDQ=ABS(2*Q) 
DNAYL268 IF(IWET(I, IP). EQ. 1) THEN 
DNAYL269 DFDP-(PR(4, KM)**2)*(ABS(2*P-PC)) 
DNAYL270 ELSE 
DNAYL271 DFDP-(PR(4, KM)**2)*(-1)*(ABS(2*P-PC)) 
DNAYL272 END IF 
DNAYL273 C 
DNAYL274 DOTPD=DFDQ*TDQ+DFDP*TDP 
DNAYL275 IF(IET. EQ. 0) GOTO 19 
DNAYL276 QTP(I, IP)-QTPA 
DNAYL277 TTP(I, IP)-PTPA 
DNAYL278 19 IF(DOTPD. LT. O. ) THEN 
DNAYL279 W=0. 
DNAYL280 END IF 
DNAYL281 C 
DNAYL282 C--------------------------------------------------------------------- 
DNAYL283 C CALCULATE CRITICAL STATE STRESS-STRAIN MATRIX FOR THE 
DNAYL284 C CONJUGATE POINT 
DNAYL285 C--------------------------------------------------------------------- 
DNAYL286 G=PR(5, KM) 
DNAYL287 IF(G. LT. 1. ) G=BK*1.5*(1. -2. *PR(5, KM))/(1. +PR(5, KM)) 
DNAYL288 AL-(3. *BK+4. *G)/3. 
DNAYL289 DL=(3. *BK-2. *G)/3. 
DNAYL290 C 
DNAYL291 CALL ZEROR2(DEPCS, 4,4) 
DNAYL292 DEPCS(1,1)=AL 
DNAYL293 DEPCS(2,1)=DL 
DNAYL294 DEPCS(3,1)-DL 
DNAYL295 DEPCS(1,2)-DL 
DNAYL296 DEPCS(2,2)=AL 
DNAYL297 DEPCS(3,2)-DL 
DNAYL298 DEPCS(1,3)=DL 
DNAYL299 DEPCS(2,3)=DL 
DNAYL300 DEPCS(3,3)=AL 
DNAYL301 DEPCS(4,4)=G 
DNAYL302 C 
DNAYL303 IPLSTK-1 
DNAYL304 VARINT(NS+3, IP, I)a-ABS(VARINT(NS+3, IP, I)) 
DNAYL305 PCS=. 5*PC 
DNAYL306 PB-P/PCS 
DNAYL307 S(1)=SX-P 
DNAYL308 S(2)=SY-P 
DNAYL309 S(3)=SZ-P 
DNAYL310 S(4)-2. *TXY 
DNAYL311 BB=-2"*(1. -PB)/(3. *PCS) 
DNAYL312 C=3. /(PCS*PCS*PR(4, KM)*PR(4, KM)) 
DNAYL313 A(1)=BB+C*S(1) 
DNAYL314 A(2)=BB+C*S(2) 
DNAYL315 A(3)=BB+C*S(3) 
DNAYL316 A(4)=C*S(4) 
DNAYL317 C 
DNAYL318 DO 20 J=1,3 
DNAYL319 B(J)-O. 
DNAYL320 DO 20 JJ=1,3 
DNAYL321 20 B(J)=B(J)+DEPCS(J, JJ)*A(JJ) 
DNAYL322 B(4)=DEPCS(4,4)*A(4) 
DNAYL323 C 
DNAYL324 XI-(PR(2, KM)-PR(l, KM))/(1. +E) 
DNAYL325 AA--4. *PB*(1. -PB)/(PCS*XI) 
DNAYL326 AB-0" 
DNAYL327 C 
DNAYL328 DO 30 Ja1, NS 
DNAYL329 30 AB=AB+A(J)*B(J) 
DNAYL330 BETA-AA+AB 
DNAYL331 DO 60 J-1, NS 
DNAYL332 DO 60 JJ-1, NS 
DHAYL333 60 DEPCS(JJ, J)s(B(JJ)*B(J)/BETA)*W 
DNAYL334 C 
DNAYL335 DO 70 J=1, NS 
DNAYL336 DO 70 JJ-1, NS 
DNAYL337 70 D(JJ, J)=DE(JJ, J)-DEPCS(JJ, J) 
DNAYL338 C 
DNAYL339 
DNAYL340 
DNAYL341 
DNAYL342 
DNAYL343 
DNAYL344 
DNAYL345 
DNAYL346 
DNAYL347 
DNAYL348 
DNAYL349 
DNAYL350 
DNAYL351 
DNAYL352 
DNAYL353 
DNAYL354 
DNAYL355 
DNAYL356 
DNAYL357 
DNAYL358 
DNAYL359 
DNAYL360 
DNAYL361 
DNAYL362 
C 
C 
C 
CHI. (PR(2, KM)-PR(1, KH))/(1+E) 
WBETA1(W)*SIGC/(CHI*BETA) 
DFLOW=0.5*1. /(((SIGSQ*PC-SIGSQ**2)*PR(4, KH)**2)**0.5) 
DFLOW=DFLOW*(PC-2*SIGSQ)*PR(4, KM)**2 
DLAMDA-WBETA*DFLOW/FACT(IP, I) 
50 IF(IET. EQ. 0) GOTO 80 
DO 40 J-1,3 
DO 40 JJ=1,3 
40 D(JJ, J)-D(JJ, J)+PR(7, KM) 
80 CONTINUE 
DEL(I)-D(1,1) 
DEL(2)6D(1,2) 
DEL(3)-D(4,4) 
IS=0 
DO 90 J1=1, NS 
DO 90 I1=1, J1 
IS=IS+1 
90 DEP(IS)=D(I1, J1) 
RETURN 
END 
DNAYL 13 : material zone number 
DNAYL 14-17 : effective stress components for 2-D 
DNAYL 19-48 : Assign codes to describe relative order of 
magnitude of stresses 
DNAYL 50 : voids ratio 
DNAYL 51 : size of yield locus 
DNAYL 52 : centre of yield surface on P' axis 
DNAYL 53 : mean normal effective stress (P') 
DNAYL 54 : shear stress (q2) 
DNAYL 58-66 : assign codes to indicate if initial stress 
state is dry or wet of critical 
DNAYL 67 : bulk modulus of soil 
DNAYL 73 : calculate shear modulus 
DNAYL 72-88 : elastic D matrix 
DNAYL 90-99 : set D matrix to elastic state for first 
increment 
DNAYL 103 : set weighting function parameter N to a 
constant 
DNAYL 107 : calculate stress invariants of conjugate 
point and evaluate weighting function, w. 
DNAYL 115-124 : if conjugate point is dry of critical adjust 
position 
DNAYL 126-164 : evaluate stress components at conjugate point 
DNAYL 166-226 : attribute stress components to the x, y and z 
directions dependent on existing hierarchy 
DNAYL 237-280 : evaluation of loading or unloading of 
integration point based on preceding stress 
increments 
DNAYL 286-333 : evaluation of D matrix for conjugate point 
DNAYL 335-337 : calculate D matrix for composite stress state 
DNAYL 339-343 : calculation of flow parameters for 
contraction/expansion of yield surface 
DNAYL 347-350 : add bulk modulus of water to D matrix for 
undrained analysis 
FOLLOWING ADDED TO BEGINNING OF ROUTINE 
UPOUT DIMENSION DSSE(4) 
UPOUT DIMENSION A(4), DE(4,4) 
UPOUT COMMON /DRYWET/ DEPS(100,16,4) 
ORIGINAL 
UPOUT 259 DO 60 JJ=1, NS 
UPOUT 260 60 SS(II)=SS(II)+D(II, JJ)*ST(JJ) 
CHANGED TO 
UPOUT 265 DSSE(II)=0. 
UPOUT 266 DO 60 JJ=1, NS 
UPOUT 267 DSSE(II)=DSSE(II)+DE(II, JJ)*ST(JJ) 
UPOUT 268 60 SS(II)=SS(II)+D(II, JJ)*ST(JJ) 
UPOUT 269 DO 69 II=l, NS 
UPOUT 270 69 DEPS(J, IP, II)=ST(IL) 
UPOUT 271 DSIGC=O. 
UPOUT 272 IF(WGT. LT. 1. E-6) GOTO 62 
UPOUT 273 DO 61 II=1, NS 
UPOUT 274 61 DSIGC=DSIGC+A(II)*DSSE(II) 
UPOUT 275 DSIGC=DSIGC*DLAMDA 
UPOUT 276 SIGC=SIGC-DSIGC 
UPOUT 277 62 CONTINUE 
Comment: Yield surface adjustment is calculated in Subroutine 
UPOUT. 
ORIGINAL: 
VARCAM 56 
VARCAM 57 
CHANGED TO 
VARCAM 56 C 
VARCAM 57 C 
VARCAM 89 
VARCAM 90 
VARCAM 91 
VARCAM 92 
VARCAM 93 
PCS=PCS*PY/PC 
PC=PY 
PCS=PCS*PY/PC 
PC=PY 
IF(WGT. LT. 1. E-6. OR. WGT. GT. 0.99) GOTO 71 
IF(IST. EQ. 8) GOTO 71 
PC=2*SIGC 
PCS=SIGC 
71 CONTINUE 
INSERTED BEFORE ORIGINAL: 
VARCAM 89 IF(PE. GT. O. ) GO TO 20 
Comment: Other changes to program, not detailed here, merely 
relate to the extension of subroutine argument 
lists. 
Appendix C 
Down-hole finite element meshes 
Boxed zone 
represents 
excavated 
elements 
Down-hole mesh. 'Deep' plate test, B/D = 10.0 D/Db = 1.0 
Boxed zone 
represents 
excavated 
elements 
Down-hole mesh. 'Deep' plate test, B/D = 10.0 D/Db = 0.96 
Boxed zone 
represents 
excavated 
elements 
Down-hole mesh. 'Deep' plate test, B/D = 10.0 D/Dd = 0.85 
Boxed zone 
represents 
excavated 
elements 
Down-hole mesh. 'Deep' plate test, B/D = 10.0 D/Db = 0.70 
Boxed zone 
represents 
excavated 
elements 
Down-hole mesh. 'Deep' plate test, B/D = 10.0 D/Db = 0.50 
Boxed zone 
represents 
excavated 
elements 
Down-hole mesh. 'Deep' plate test, B/D - 10.0 D/Db = 0.33 
Boxed zone 
represents 
excavated 
elements 
Down-hole mesh. 'Shallow' plate test, B/D - 10.0 D/Db = 1.0 
Boxed zone 
represents 
excavated 
elements 
.1 
Down-hole mesh. 'Shallow' plate test, B/D - 10.0 D/Db = 0.96 
Boxed zone 
represents 
excavated 
elements 
Down-hole mesh. 'Shallow' plate test, B/D = 10.0 D/Db = 0.85 
Boxed zone 
represents 
excavated 
elements 
Down-hole mesh. 'Shallow' plate test, B/D - 10.0 D/Db - 0.70 
Boxed zone 
represents 
Detail of mesh in vicinity of loaded 'plate' area, D/Db = 1.00 (shallow and deep plates) 
Boxed zone 
renresents 
Detail of mesh in vicinity of loaded 'plate' area, D/Db a 0.96 (shallow and deep plates) 
Boxed zone 
represents 
Detail of mesh in vicinity of loaded 'plate' area, D/Db ffi 0.85 (shallow and deep plates) 
Boxed zone 
1 represents 
Detail of mesh in vicinity of loaded 'plate' area, D/Db = 0.70 (shallow and deep plates) 
Boxed zone 
Detail of mesh in vicinity of -loaded 'plate' area, D/Db a 0.50 (shallow and deep plates) 
Appendix D 
'Triaxial' tests with the Modified Cam-clay model 
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